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ABSTRACT 
Design and Development of a Twisted String Exoskeleton Robot for the Upper Limb 
Lei Jiang 
 
 High-intensity and task-specific upper-limb treatment of active, highly repetitive 
movements are the effective approaches for patients with motor disorders. However, with the 
severe shortage of medical service in the United States and the fact that post-stroke survivors 
can continue to incur significant financial costs, patients often choose not to return to the 
hospital or clinic for complete recovery. Therefore, robot-assisted therapy can be considered 
as an alternative rehabilitation approach because the similar or better results as the patients 
who receive intensive conventional therapy offered by professional physicians. 
 The primary objective of this study was to design and fabricate an effective mobile 
assistive robotic system that can provide stroke patients shoulder and elbow assistance. To 
reduce the size of actuators and to minimize the weight that needs to be carried by users, two 
sets of dual twisted-string actuators, each with 7 strands (1 neutral and 6 effective) were used 
to extend/contract the adopted strings to drive the rotational movements of shoulder and 
elbow joints through a Bowden cable mechanism. Furthermore, movements of non-disabled 
people were captured as templates of training trajectories to provide effective rehabilitation. 
 The specific aims of this study included the development of a two-degree-of-freedom 
prototype for the elbow and shoulder joints, an adaptive robust control algorithm with 
cross-coupling dynamics that can compensate for both nonlinear factors of the system and 
asynchronization between individual actuators as well as an approach for extracting the 
reference trajectories for the assistive robotic from non-disabled people based on Microsoft 
Kinect sensor and Dynamic time warping algorithm. Finally, the data acquisition and control 
system of the robot was implemented by Intel Galileo and XILINX FPGA embedded system.       
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CHAPTER 1: INTRODUCTION 
1.1 Background  
  Since the 1990s, it is well accepted that high-intensity and task-specific upper-limb 
treatment of active, highly repetitive movements is one of the most effective approaches for 
patients with motor disorders [1-3]. Previous researches have shown that patients can have 
better improvements in the proximal movement portion of the Fugl-Meyer test after one to 
two months intensive treatment activities [1]. This can help patients to return to their regular 
lives faster. Thus, there is an urgent need for these patients to acquire immediate healthcare 
resource for rehabilitation and regain capability to return to their occupations for economic 
reasons. Recent studies also proved that robot-assisted therapy can have similar or better 
results to intensive conventional therapy offered by professional physicians [4]. However, 
with the severe shortage of medical service in the United States and the fact that post-stroke 
survivors can continue to incur significant financial costs associated with their injuries for the 
first 12 months following discharge from an inpatient rehabilitation setting, patients often 
choose not to return to the hospital or clinic for complete recovery. Without proper 
rehabilitation activities, patients’ affected arms can develop into spasticity due to muscle 
weakness. To compensate for the shortage of medical resources and to help patients of these 
groups to regain their mobility efficiently, it is necessary to develop low-cost and wearable 
assistive robotic devices that allow patients: 1) to rehabilitate at their own pace and 2) to 
acquire additional force in their daily activities. Studies of clinical results have also 
demonstrated that intensive robot-assisted rehabilitation activities can improve the motor 
outcome of stroke or neuron-injured, patients as effective as intensive therapies offered by 
therapists [4]. Thus, using robotic systems as therapeutic adjuncts to facilitate clinical practice 
can be a promising development. 
  In the past decade, technologies based on robotics and control systems have been 
adopted in rehabilitation engineering used for upper extremities [5-9] and many different 
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types of assistive robotic devices have been developed. Nevertheless, most of these systems 
are designed as end-effectors and require patients to come to a medical center for 
rehabilitation activities [10-12]. In addition to rehabilitation activities, it is also important that 
patients can regain their mobility in their daily lives and return to their occupations for 
economic reasons [13, 14]. Some existing assistive robotic systems have been designed as 
wearable devices. However, due to their sizes and the required power, these devices are 
typically not mobile enough to be used in daily activities [15-17]. In particular, most of these 
assistive robotic systems adopt trajectories with the best efficiency and minimal energy cost 
instead of considering natural human motions. Research in the past two decades has 
suggested that patients recover better when their muscles are trained with the general 
trajectories they used to have [18, 19]. Given that assistive robotic systems reproducing 
natural arm movements can promote more rapid and complete recovery of arms functions 
than what most of the current rehabilitation resources can achieve, post-stroke/stroke patients 
can return to their occupations sooner with the help of these systems. In addition to providing 
rehabilitation activities, such robotic systems can help patients to compensate for the lost 
force of muscles in their daily activities as well. The manipulator used in therapy systems can 
apply forces to aid in specific tasks during goal-directed movements. Thus, designing and 
fabricating a compact assistive robotic system that can be used for both rehabilitation and 
daily activities is necessary. 
 To fabricate an effective mobile assistive robotic system, various methods [20-24] of 
trajectory modeling have been investigated in the area of motor control. However, there is 
still no clear mathematical parameterization [25, 26], describing the vast repertoire of arm 
motions. In addition to rehabilitation functions, usability and user acceptance are the most 
important factors for the success of any assistive robotic solution, particularly assistive robots 
that are designed to help the groups of stroke patients and elderly people to live 
independently. An ideal robotic solution must cater for any unique individual user needs and 
take into consideration the user’s socio-demographic profile as well. Instead of deriving 
energy efficient arm models, this study identifies a model of a basic arm motion based on the 
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natural movement of different groups of adults, which will be adopted by the wearable 
exoskeleton device.  
 These devices supporting users’ daily tasks such as holding, lifting, moving, and free 
mobility are called assistive robotics. So far, most of the wearable assistive robotic systems 
are bulky and require great energy [16], which reduces their mobility in many activities. To 
fabricate an adequate mobile robotic system, there are three important challenges: 1) to 
generate sufficient range of force with acceptable weight and portable power source; 2) to 
identify user’s current motion and generate corresponding movements of the device; and 3) to 
control and coordinate angular movements of both joints (elbow and shoulder). 
 To reduce the size of the actuators and to minimize the weight that needs to be carried by 
users, twisted string actuators have demonstrated excellent properties and have drawn much 
attention [27, 28]. The basic idea of this type of actuators is to change the linear length of two 
or more strands by twisting them (Figure 3-1). The change of length can result in a linear 
motion of the other end. With two actuators, emulation of contraction/extension of muscles 
can drive the joint. Due to its high reduction ratio of length, the actuation system can be small 
and lightweight. In particular, all actuators can be placed at the same location, which can 
greatly reduce the weight users need to carry. One specific characteristic of the assistive 
robotic system of upper limbs is that the inertia keeps changing while the arm is moving. To 
apply multi-axial control strategy to an assistive robotic system, it is important to compensate 
for the disturbance and nonlinearity of the adopted electromechanical components caused by 
the arm movement. Many control strategies have been proposed to design adequate 
controllers [29-36] to deal with the coupled dynamics among axes. With the consideration of 
cross-coupled dynamics, LQR [36] and adaptive robust controller (ARC) [37] both 
demonstrate excellent performance in tracking and synchronization when the nonlinear 
variations are bounded. As a result, these two algorithms both guarantee that the estimated 
parameters stay in known bounded regions all the time. They also ensure that asymptotic 
tracking will not be lost. These control schemes have been implemented on different 
three-dimensional moving platforms, and the dynamic tracking errors can be constrained less 
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than 7% while all three actuators are moving [40]. These control algorithms can be good 
candidates to compensate for the dynamics of arms and external disturbances proposed in this 
study. 
1.2 Objectives  
The objective of this study was to design a light weight, wearable, and affordable 
assistive exoskeleton robot for the shoulder and elbow assistance. The mechanical design is 
targeted to the group of the society most vulnerable to stroke, based on the average size and 
age of the patients, with adjustability to accommodate a variety of individuals. Unlike other 
exoskeleton robots, two sets of dual twisted-string actuators, each with 7 strands (1 neutral 
and 6 effective) were used to extend/contract the adopted strings to drive the rotational 
movements of shoulder and elbow joints through a Bowden cable mechanism.  
In order to obtain trajectories of arm movements that can be considered to drive the 
exoskeleton robot, two issues need to be addressed: 1) collecting movement data of 
individual motions from enough subjects, and 2) identification and generating common 
trajectory motions based on the collected data. In particular, trajectories of the same motions 
are unique from person to person, which can yield a wide range of distance variations even 
for the same task. To generalize trajectories for specific movements can be a difficult task. 
Thus, instead of identifying random motions, specific ADLs will be adopted to generate 
trajectories for the robotic system. 
To capture motions from different individuals, a systematic and efficient method is 
required. In particular, it is necessary to have enough samples from groups with different ages, 
genders, heights, body sizes and cultures. Thus, a convenient motion capture system for 
different physical conditions is needed. In this study, a Microsoft Kinect Camera is adopted 
to capture depth images of field data when a target subject starts to move his/her arms. With 
the mechanism of the proposed assistive robot, the control references are the rotation angles 
of shoulder and elbow joints. From the captured depth images, both rotation angles of 
subjects’ shoulder and elbow joints can be obtained by calculating the 3D coordinates of 
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individuals’ shoulder, elbow, and wrist joints. This information can be derived by adopting 
the skeletal tracking technology contained in Microsoft Kinect SDK.  
 The bi-directional movement of shoulder and elbow joints of the proposed robot driven 
by the antagonistic twisted-strings system relies on a coupled twisting/untwisting motion of 
two actuators. The tracking accuracy of separate actuators also affects the synchronization 
performance of both actuators, which means that the adopted controller needs to respond to 
both tracking and synchronization errors simultaneously. Though the twisted-string actuator 
has a lot of advantages, its unique properties of nonlinearity, hysteresis, friction, operational 
dead-zone, and poor repeatability can deteriorate the desired control performance. Improper 
control methods can lead to limit cycles or instability. To deal with both nonlinear factors and 
synchronization between individual actuators, adaptive robust control (ARC) was adopted for 
the motion system in this study. This study also proposes an approach to compensate for 
important nonlinear issues: the dead-zone effect near zero-velocity and varying force 
feedback. To deal with the tracking errors of a stick-slip motion phenomenon caused by the 
dead-zone, an adaptive robust control algorithm with the consideration of dead-zone effect is 
studied. Additional adaption mechanisms are added to the ARC structure to provide accurate 
tracking and synchronization. In addition to position control, one important safety concern is 
that displacement control of rehabilitation robots cannot guarantee bounded force safety by 
only considering mechanical dynamics with the inertial load. To guarantee safety while using 
an assistive robotic device, an adaptive robust controller of twisted-string actuation devices 
need to integrate both force and displacement feedback to achieve high tracking performance 
and guarantee the safety demand. 
1.3 Dissertation Structure 
 The rest of the dissertation is structured in the following way. 
 Background and Literature Review (Chapter 2) 
 Model Development (Chapter 3) 
 Design of the assistive robot and Development of the controller (Chapter 4 and 5) 
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 Implementation of the assistive robot (Chapter 6 and 7) 
 Conclusion (Chapter 8) 
 The background and literature review covers research already performed and related to 
the study. Since this dissertation focused primarily on the development of the assistive robot 
for stroke rehabilitation, the literature review addresses these aspects. However, basic 
information for understanding the twisted string actuator and nonlinear control was provided. 
Chapter 3 briefly outlines the main point of the mathematic model of the twisted string 
actuator but covers the development of an adaptive neuro fuzzy inference system model of 
twisted string actuator. Chapter 4 presents the mechanical design of the assistive robot. Three 
different linear control methods were compared. Two different nonlinear control approaches 
were compared, both of which were tested on the same experimental platform. Chapter 6 and 
7 depict the implementation of the complete system, including the derivation of motion 
trajectories using Kinect and development of the controller using an embedded system. A 
discussion of the overall study, information resulting from this study, and final concluding 
remarks are presented in the last Chapter.      
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CHAPTER 2: LITERATURE REVIEW 
2.1 History of stroke neuro-rehabilitation  
 After Johan Wepfer hypothesized that a stroke was caused by bleeding in the brain or a 
blockage of one of the main arteries that supply blood to the brain in 1620 [38], people were 
not recommended for being active after a stroke. Until Thomas Twitchell, one of the pioneers, 
began to study the types of recovering from a stroke in the early 1950s, this attitude changed 
and people were encouraged to do therapeutic exercises. Based on observing 121 patients 
[39], he found that there was 70 percent chance for fully recovering if patients started to 
recover their hand functions in the first four weeks after stroke. He also reported that most 
recovery occurs in the first three months, which can be verified by the outcome of recent 
researches. However, recent studies also indicate that stroke patients can still have a chance 
of a significant improvement physically a few years after the attack of stroke. 
 To recover from the disability due to stroke, the constraint-induced therapy was proposed 
at 1east 100 years ago [40], [41]. Robert Oden was able to simulate a stroke in a monkey’s 
brain, then set up a constraint with the monkey’s good arm and force the monkey to use its 
bad arm. After two weeks of therapy, the monkey regained the ability to use its bad arm again. 
With his result, researchers began to adopt such an idea for stroke patients as an alternative 
treatment method for upper extremity motor deficits. Stroke patients are asked to use their 
affected hand and arm as much as possible to do repetitive tasks during the 
constraint-induced therapy. The stroke patients, meanwhile, wear a restraining device on their 
functioning arm, as shown in Figure 2-1. Evidence from the clinical trials and recent 
studies[42], [43], [44] also supports this method of improving the upper extremity motor 
function of stroke patients and reducing motor impairment at varying stages of stoke 
recovery. 
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Figure 2-1 A stroke-patient received Constraint Induced Movement Therapy[40]. 
 In the past century, many treatments have been proposed to help stroke patients to 
recover from their disabilities. Bobath, a neurodevelopmental treatment, was proposed in the 
1940s by the Bobath couple [45]. Bobath treatment was mainly used for patients with central 
nervous system damage, such as stroke patients, cerebral palsy children, and children with 
Down’s syndrome. The main goal of the Bobath is to suppress abnormal reflex and muscle 
tension through three methods: therapeutic handling, key points of control, and reflex 
inhibition pattern. Bobath treatment is still the mainstream approach for stroke patients’ 
rehabilitation now although there is a lack of sufficient evidence to demonstrate this 
trearment is an ideal therapy. The Brunnstrom Approach, including stroke assessment and 
treatment, was developed by a Swedish physical therapist Signe Brunnstrom [46] in the 
1960s. This approach emphasizes the synergic pattern of movement which develops during 
recovery after a stroke. Based on the research of Brunnstrom, the recovery of stroke patients 
follows six stages: flaccid period, spasticity, patient gains voluntary control over synergies, 
decrease in spasticity, synergies decline and disappearance of spasticity. The treatment has 
been updated by other alternative approaches, but the stroke assessment, six stages of 
sequential motor recovery after a stroke, has become the foundation and a criterion of the 
modern stroke rehabilitation.  
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 Inspired by the success of mental practice in enhancing skill development for normal 
individuals such as balance training for elderly females, researchers combined mental 
practice and physical practice in hopes of improving recovery after stroke. Mental Practice 
with motor imagery is a mental process during which stroke patients mentally rehearse and 
simulate a given action within working memory [47]. However, there has been insufficient 
evidence until now proving the effectiveness of mental practice with motor imagery in stroke 
rehabilitation due to the methodological limitation [48].   
 In addition to physical training, electrical instruments also become important tools in 
rehabilitation activities. For instance, functional electrical stimulation (FES) applies a pulse 
of electrical current to stimulate the neuromuscular system in order to generate a muscle 
contraction [49]. This electrical stimulation imitates brain’s signals to control the affected 
limbs in order to retrain weak muscles and normal movement for stroke patients. Nowadays, 
different research groups have started to link the connections between muscle motions and 
neuro-signals with EMG measurements and use the connection to adjust stimulation 
parameters. 
2.2 Robotic assistive therapy in stroke rehabilitation  
 As the number of the stroke patients grows rapidly, the pressure on the medical care 
resources for stroke patient recovery intensifies. Most studies done before the adoption of the 
Affordable Care Act estimated shortages of at least 124,000 physicians and 500,000 nurses 
by 2025; and there is general agreement that the additional 32 million population covered by 
the Affordable Care Act would inflate the medical shortage estimations – by 31,000 
physicians according to the Association of American Medical Colleges. Robot-assisted 
therapy in stroke rehabilitation as an alternative method that has expanded dramatically in the 
last two decades.  
 The intensity of practice plays an important role in motor recovery for stroke 
patients based on the experience from the conventional therapy in stroke rehabilitation and 
the motor learning theory [50]. Compared with conventional therapy, robotic rehabilitation 
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therapy can provide safe and high-intensity rehabilitation to patients with mild to severe 
impairments after stroke [51]. Recent studies have shown the benefits of robotic 
rehabilitation therapy on the upper-limb movement of patients in the acute phase of recovery 
after stroke. [10-13]. There are two major types of robots,  end-effector-type and 
exoskeleton type, which can be classified based on the way of the movement is transferred 
from the robotic device to the patients’ limbs and are used by stroke patients at different 
stages of motor recovery. End-effector type robotic devices normally only attach to the user’s 
limb at its most distal part. Due to the easy setup and limited control of the proximal joints of 
the limb, end-effector-type robotic devices are usually designed to provide unilateral 
therapies for the group of mild and moderate stroke patients. In contrast to end-effector-type 
robotic devices, the patients’ limbs are enclosed with an exoskeleton-type robotic device 
which can provide direct control of individual joints. Therefore, the exoskeleton-type robotic 
device can support more complex rehabilitation activities especially for stroke patients with a 
large motor impairment.  
2.2.1 End-effector-type robotic devices 
End-effector-type robotic devices, commonly having multi-linkage mechanisms, are 
designed to interact with stroke patients’ upper extremity. The exact nature of the devices is to 
drive the patients’ upper extremity to achieve the purpose of doing rehabilitation activities 
though the direct connection between devices and patients’ hand during the rehabilitation. 
Therefore, these types of the devices have the advantages of simple structure, low cost, 
reliable and less complicated control algorithms and most early upper limb rehabilitation 
robots are the end-effector-type robotic devices. 
The research on end-effector-type robotic devices has begun since the 1990s. Many 
universities and institutes of the world have developed various kinds of the end-effector-type 
devices, such as MIT-MANUS, MIME, ARM Guide, GENTLE/S, NeRobot and MULOS, 
which have already been used by stroke patients’ for rehabilitation or experimental research 
activities.  
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The MIT-MANUS is the first end-effector-type robotic device and was used in the 
physical therapy of stroke victims as shown in Figure 2-2. MIT-MANUS, which has a 
five-link mechanism with two planar degrees of freedom, has proved its worth for shoulder 
and elbow rehabilitation by many stroke patients [52]. It can assist stroke patients during 
rehabilitation or act as an impendence, which can be adjusted based on the individual 
treatment plan. To use this robot, stroke patients need to sit in front of a table with their 
forearm and wrist attached to a brace of the robot. Depending on the stroke patients’ moving 
capability, therapists who use MIT-MANUS can decide the level of guidance and assistance 
to facilitate arm movements of the stroke patients. A clinical trial, which involved 56 patients, 
was hosted by the Department of Mechanical Engineering and the Department of Brain and 
Cognitive Sciences at MIT. In this trial, 30 patients received standard therapy; the other 29 
patients received an additional daily hour of MIT-MANUS therapy. The experimental results 
indicated that patients who received MIT-MANUS therapy earned the scores of tests 
measuring increased movement as twice as high for patients who only received standard 
therapy [53]. 
 
Figure 2-2 A stroke-patient received therapy with a commercial version of 
MIT-MANUS at the Burke Rehabilitation Hospital (White Plains, NY) [16]. 
In 2005, Furusho laboratory of Osaka University developed a 3-DOF-rehabilitation 
robot for upper limbs “EMUL”, as shown in Figure 2-3. With their design, ERF (Electro 
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Rheological Fluids) actuators were adopted to adjust the force for resistance training. The 
research group has also developed a 3D rehabilitation system that combines virtual reality 
technology and video game to improve the dexterity and the moving range of user’s limbs 
[54]. 
 
Figure 2-3 An EMUL rehabilitation system used fot therapy [17]. 
2.2.2 Exoskeleton-type robotic devices 
Compared to the end-effector-type robotic devices, the exoskeleton-type robotic 
devices have the advantages of producing movements for specific joints of the limb through 
imitating the skeletal structure of human’s limb. Therefore, exoskeleton-type robotic devices 
can be used to guide patients’ hand or arm to desired positions, which meets the requirements 
of independent and concurrent control of the specific movement of patients’ upper limb. 
He et al. [55] proposed a pneumatic muscle (PM) driven therapeutic device (RUPERT) 
providing an alternative low cost and take-home method to the clinic treatment in 2005. 
RUPERT has four pneumatic muscles (shoulder, elbow, pronation and wrist/fingers), which 
can provide the desired joint ranges of motion to achieve the goal of reaching and 
self-feeding tasks for users. The latest design of the RUPERT IV has expanded the motion 
range and the degrees of freedom in aid of performing the assisted tasks [56]. The RUPERT 
IV now includes hand/wrist extension, forearm supination, elbow extension, humeral external 
rotation and shoulder elevation as shown in Figure 2-3. For the purpose of offering high 
performance physical therapy while ensuring safe operation, Perry [57], [58] developed a 
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7-DOF upper limb rehabilitation robot (CADEN-7) as shown in Figure 2-4, in which the 
device offers ranges of movement in shoulder flexion and extension, shoulder pronation and 
supination, upper arm rotation, elbow flexion and extension, forearm rotation, wrist flexion 
and extension and wrist abduction and adduction. Multi-degree-of-freedom rehabilitation 
devices have many advantages over conventional devices. For example, multiple actuators 
can generate larger torques for individual joints, which can make patients move their arms in 
the normal wide workspace. In particular, the hybrid structure that combines multiple types 
of actuators in a single system can greatly simplify the mechanical design. For example, in 
Perry’s design, the electric motors are used for the angular movements of both upper arm and 
forearm and the cable actuators are used for other movements of the device. Such a structure 
cannot only simplify the complexity of the robotic device; it also reduces its weight and 
corresponding friction caused by gear transmission. 
 
Figure 2-4 The current version of RUPERT IV system [19]. 
In order to identify the outcome difference between these two types of therapies 
(robot-assisted therapy and conventional therapy), Lum et al, [59] randomly divided 27 
subjects with chronic hemiparesis into two groups, robot and control group. Subjects in the 
robot group practiced shoulder and elbow with the help of assistive robots. Subjects in the 
control group received regular occupational therapy. The improvements in proximal 
movement of two groups after 2 months and 6 months were then compared by using the 
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Fugl-Meyer assessment of motor impairment. The robot group had larger improvements in 
strength and reach extent than the control group after 2 months of treatment. However, after 6 
months of treatment there was no significant difference between the two therapies in terms of 
the Fugl-Meyer test [60].   
Lo, et al. [61] also performed a similar analysis to verify the effectiveness of 
robot-assisted therapy by comparing with intensive therapy and regular care. In their 
experiment, 127 patients with moderate upper-limb impairment 6 months or more after a 
stroke were randomly divided into three groups, one group including 49 patients receive 
robot-assisted therapy, one group including 50 patients received intensive comparison 
therapy (ICT), and one group including 28 patients received regular care. All groups received 
36 one-hour therapy sessions in 12 weeks. At 12 weeks, patients receiving robot-assisted 
therapy demonstrated higher Fugl-Meyer score than the patients with regular care, but the 
score is lower than the patients with ICT. However, the differences of the score between the 
groups of robot-assisted and ICT were not significant. Nevertheless, for stroke patients with 
long-term upper-limb impairment, the effectiveness of robot-assisted therapy is not 
significant while comparing with intensive therapy. It was even worse than patients who 
receive regular care. As the results, this research provides the evidence that robot-assisted 
therapy can be at least as effective as other therapies within the first 6 months after stroke. 
With the benefit of less requirement from practical physicians, robot-assisted rehabilitation 
can possibly compensate for the shortage of medical resources in the future.  
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Figure 2-5 A CADEN-7 Exoskeleton robotic system [21]. 
2.3 Twisted string actuator 
For the application of rehabilitation, weight is always an important consideration while 
designing assistive devices. The inadequate actuator can make an assistive device bulky and 
heavy. In this research, twisted string actuation is adopted to implement the linear movements 
for such a multi-axial system. 
2.3.1 Applications of the twisted string actuation 
Using the twisted string has come a long way from when ancient Indiana people used the 
pump drill for starting fires and drilling holes. Another type of twisted string application is 
the Spanish windlass that can be used to draw heavy loads. In the past five years, twisted 
string actuators have raised the interest of researchers around the world after T.Wurts applied 
them to the robotic hand. Twisted-string actuation devices have been adopted by various 
robotic systems. In 2011, the laboratory of Process automation (LPA) [62] developed a 
DEXMART hand, which includes 24 twisted string actuation units, to operate the movements 
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of five fingers and writ. In the DEXMART system, as shown in Figure 2-6, the twisted string 
systems can be appropriately integrated into the robotic mechanism due to its slender 
characteristics. The DEXMART hand reveals the potential of the twisted string actuation that 
can provide high accuracy and stable motion. In addition to LPA, a similar approach called 
“twist drive actuator” was proposed by Sonoda, et al [63]. A prototype of a robotic hand 
(Figure 2-7) was developed using such an actuator. In their design, the rotational motions of 
motors are transmitted to the linear motions and the pulling forces are generated by twisted 
strings. To solve the issue that twisted strings can only provide pulling forces, a spring is 
employed in each joint for an extension. With the benefit of the simple structure of twisted 
drive actuators, his robotic hand can efficiently utilize the space in the finger structure.  
 
Figure 2-6 DEXMART hand [25]. 
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Figure 2-7 Configuration of a multi-fingered robotic hand proposed by Sonoda et al 
[26]. 
 Aukes and his colleagues [64] developed a new class of multi-fingered robotic hands by 
adopting twisted string actuator. Providing three independent DOF in the one finger by only 
one twisted string actuator are the major characteristic of this manipulator. This manipulator 
is not only able to grasp multiple objects but also conform to their shapes. In order to balance 
the tendon force between each phalanx and provide return actuation, springs are attached 
across each joint. 
 
Figure 2-8 Aukes’ finger robot [27]. 
2.3.2 Mathematical model of the twisted string actuation 
Gaponov et al. [65] proposed a modified model on the basis of the Wurts model. In 
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this model, the volume of a string is supposed to remain constant during the process of the 
twisting since each strand can not be infinitely compressed by its neighbors and that there are 
no air hollows inside the string. For example, V1=V0, where V1 and V0 denote the twisted and 
untwisted states of the string. Therefore, the actual radius of a string shrinks as it twist or 
expands as it untwist based on the above assumptions, as shown in Figure 2-9. The volume of 
a twisted string at different state can be calculated as a cylinder. That is 
2V r d  (2-1) 
where the r is the effective radius of the string, d is the length of the string after being 
twisted. 
Twisted Untwisted
Twisted
Untwisted
 
Figure 2-9 Increase of string’s radius after being twisted. 
Thus, the effective radius of a string after being twisted increases nonlinearly, which 
is  
0
0new
L
r r
d
  (2-2) 
where L0 is original length of the strand, r0 is the original radius of the string, rnew is the 
radius of the string after being twisted. Figure 2-9 illustrates the change of radius of a twisted 
string. The new conventional kinetostatic model can be obtained 
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,where K is the stiffness coefficient of the strands, θ is the angle of twisting, Fi is the tension 
of the string. 
2.4 Synchronization of multi-axial system 
 In some rehabilitation robotic systems, joint movement is controlled by antagonistic 
pairings of actuators like the pneumatic artificial muscles and twisted string actuators. The 
accuracy of joint motion depends not only the accuracy of individual actuator but also on 
their synchronization. Synchronization of antagonistic actuation systems is crucial for robotic 
joint to achieve the desired tracking requirements. In this study, four twisted string actuators 
are employed to drive the elbow and shoulder joints of the exoskeleton robot. Therefore, 
more robust and synchronization control strategies are required to improve the accuracy of 
the exoskeleton robot. 
 In order to cope with the synchronization problems in a multi-axial system, a tandem 
control approach has been applied. The tandem control approach is shown in Figure. 2-10. In 
this scheme, the synchronization of individual actuators is reached passively thorough 
tracking the same ideal reference trajectory and dynamic matching of individual actuators. 
However, this approach suffers from poor synchronization due to mismatched disturbances.  
 Therefore, various researchers have proposed different synchronization control strategies, 
such as Master-Slave and cross-coupling control approach, to improve the synchronization 
performance among multi-axes. The Master-Slave control approach is shown in Figure. 2-11. 
Individual axes in the multi-axial system are either identical or different. Therefore, in 
Master-Slave Control approach, the slowest actuators among the system is normally chosen 
as the master, the motion of the master is the reference command to the slaves. The 
synchronization can be achieved based on the slaves following the master. 
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Figure 2-10 Tandem control. 
 
Figure 2-11 Master-slave control. 
 Mori and his colleagues [66] proposed a master-slave control approach for double-sided 
milling process machine for thin metal plates. The synchronization of the spindles is achieved 
by the master-slave control system, which can guarantee the teeth of spindles at both sides to 
begin cutting at the same time and avoid the thrust force and forced chatter vibration. In their 
control system, the right spindle was considered as a master and running at the specific speed, 
at the same time the left spindle followed the right spindle’s speed.      
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Figure 2-12 Mori’s control system to synchronize left and right spindles [29].  
 In view of the nature of the master-slave control, any disturbance acting on the slave unit 
cannot be measured and compensated by the controller on the master unit side. There also 
exists an unavoidable time delay between the master and the salve unit, which limits 
applications of master-slave synchronization strategy such as in disturbance sensitive 
applications. To overcome the disadvantages existing in both tandem and master-slave 
synchronization control strategies, the cross-coupling synchronization strategy was proposed 
by Koren [67]. The concept of the cross-coupling control is to feedback the multi-axis 
contour errors to the individual axis, and this error can be compensated by a control law with 
a cross-coupling gain. However, due to difficulty in deciding the cross-coupling gain and 
system overall stability, many other researches improved the cross-coupling control by 
adopting the variable cross-coupling gain [68] or developing a new multi-input and 
multi-output cross-coupling structure [69].     
2.5 Nonlinear control 
 In the real physical world, most systems are nonlinear. Although some nonlinear system 
can be successfully described and controlled by linear methods, the limits of the classic linear 
control method were gradually exposed with the increasing complexity of control objects and 
demand of high accuracy control objectives. To achieve high performance and accuracy, 
nonlinearities existing in a system, such as dead zones, friction, saturation as well as 
hysteresis need to be compensated or canceled. However, these nonlinearities are not smooth, 
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and discontinues often lead to the unpredicted behavior of the system, such as limit cycle and 
oscillation, if not properly handled. Sometimes the parameters of a linear system keep 
varying when the circumstances change. In this case, the controller would provide the ability 
to adapt to the changing parameters of the system in real time to maintain stability and 
performance. Considering the benefit of nonlinear control and powerful computing capability 
of current microprocessors, the nonlinear control becomes increasingly popularity. 
2.5.1 Feedback linearization 
 Linear control approach is an important means in various engineering applications. The 
mature linear control theories such as pole-placement, root-locus as well as frequency 
response methods, can help make sure that a compensated system can be operated efficiently 
and effectively. Due to the simplicity and highly matured design technique of linear control 
methods, researchers have also tried to find a way of adopting linear control methods to 
design linear controllers for the nonlinear system. Therefore, the feedback linearization [70] 
was proposed as a way of transforming original nonlinear system models into equivalent 
models of a linear form. The feedback linearization is completely different from Jacobian 
linearization in which the first order term of Taylor expansion around the point of interest is 
adopted to approximate the nonlinear function. Feedback linearization is achieved by exact 
state transformation and feedback rather than by approximation of the nonlinear function 
around the point of interest. The key point is to algebraically transform the nonlinear system 
dynamics into linear form. For example, if we have a second-order system:            
1 1 2 1
2 2 1 1
3 cos
sin sin(2 )
x x ax x
x x x u x
   
 
.   (2-4) 
 
 
 The linear control approach can be adopted to stabilize the system by linear 
approximation in a small region around the equilibrium point. However, the linear control 
approach cannot guarantee the stability of the system in the global region due to the 
nonlinearity in the equations. 
 If we define a new set of state variables  
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then, the dynamics of the system are: 
1 1 2
2 1 1 1 1 1
3
3 sin cos sin sin(2 )
z z z
z z z z z au z
  
  
,   (2-6) 
 If we define the control input u as 
1 1 1 1
1
1
( cos sin 3 sin )
sin(2 )
u v z z z z
a z
   ,   (2-7) 
where v is a virtual input to be designed. Substituting Eq. (2-7) into Eq. (2-6) gives 
1 1 2
2
3z z z
z v
  

,   (2-8) 
 Thus, the dynamics of the system have been changed from nonlinear to linear and linear 
control approaches can now be applied to stabilize the system. For example, the linear state 
feedback control law can be used to obtain the value of v.  
 
Figure 2-13 Feedback Linearization. 
2.5.2 Adaptive control 
 Like most control techniques, feedback linearization control also has disadvantages. 
Based on the designing process of feedback linearization, it is obvious that the exact model is 
necessary to algebraically transform the nonlinear system dynamics into linear form. In the 
real physical system, it is impossible to correctly obtain the exact value of the parameters of 
the system. Even if the exact value of the parameters of the system can be achieved, the 
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system has remaining uncertainties and unknown nonlinearity which cannot be easily and 
correctly described in system dynamics. Therefore, both performance and stability may not 
be achieved if the feedback linearization is applied to some nonlinear systems.    
 To deal with nonlinear systems with constant or slow-varying uncertain parameters, 
adaptive control method was developed as an approach to control such kind of systems. The 
central idea of the adaptive control method is to estimate the uncertain parameters on-line 
based on comparing desired and actual signals. The researchers started to study the adaptive 
control since the early 1950’s based on looking for a controller of aircraft that meets high 
performance requirements within a wide operation range, in which speed and altitudes keep 
changing.  
2.5.3 Robust control 
 Like the feedback linearization techniques, adaptive control approach also relies on the 
structure of the model but not parameters of the model. The modeling inaccuracies have 
strong negative side effects on nonlinear adaptive control. There is no mechanism in adaptive 
control approach that can ensure the estimated values being bounded in certain regions. 
Therefore, although the system can be stable eventually based on the Lyapunov theory, the 
transient performance and stability cannot be guaranteed if the estimated values of parameters 
are beyond the reasonable boundary. Therefore, researchers were wondering if there is a 
control approach to keep the system stable in both transient and steady states. With this sense, 
robust control method was proposed to deal with model inaccuracies and uncertainties. The 
basic idea of the robust control approach is to adopt known bounding functions to add the 
restriction on the unknown dynamics of a system. A simple systematic implementation of 
robust control is sliding mode control[72], which maintaining stability and consistent 
performance under the situation of modeling imprecisions. However, even though the 
robustness is guaranteed, the stability and consistent performance provided by robust 
controllers are achieved at a cost of losing the ability to adapt to changing parameters.   
 Considering the design process of adaptive control and robust control, it is clear that 
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neither adaptive control nor robust control can meet the requirements of both transient 
performance and global stability. To achieve high performance control, some researchers tried 
to combine adaptive control and robust control together. Rohrs, et al [73] proposed robust 
adaptive control (RAC) in which the consistent performance and stability can be achieved by 
modifying the adaptive laws, such as modifying the pure integral action of the adaptive laws 
via a small feedback gain, constraining parameters estimates to lie within bounded sets in 
special parameter space, and slowing down adaptation relative to the speed of growth of 
modeling errors. Yao [74] developed the adaptive robust control (ARC) approach based on 
the philosophy of that robust performance should not be lost when introducing adaptive 
mechanism. In adaptive robust control, the adaptive mechanisms are adopted to attenuate 
model uncertainties as well as the robust feedback are adopted to reduce the side effects 
generated by non-repeatable uncertainties and external disturbances.   
2.5 Home stroke rehabilitation 
 With the growing demand for stroke rehabilitation and lacking of the medical resources, 
the remote stroke rehabilitation growth is on the rise. In fact, the remote stroke rehabilitation 
can avoid the cost and burden of travel to the hospitals, as well as increase the exercise 
frequency. High frequency rehabilitation for stroke patients may increase the chance of 
improving stroke patients’ quality of life and maintain muscle vitality and avoid eventual loss 
of muscle mass. To make the home stroke rehabilitation easier and effective, the researchers 
have tried various remote methods, such as telephone, radio, closed-circuit television and 
satellite, to investigate the actual performance of remote stroke rehabilitation. Hoffmann, et al. 
[75] developed a remote measurement for stroke patients’ upper limb range of motion based 
on the internet. They compared the measurements performance between the internet-based 
goniometer and the conventional clinical tool, the universal goniometer. From the 
experimental results, the internet-based goniometer showed reliability and accuracy which 
make it possible that therapists can confidently use the internet-based goniometer to measure 
the stroke patients’ upper limb range of motion instead of going to the stroke patient’s home.   
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 Holden et al. [76] proposed a tele-rehabilitation system for upper extremity rehabilitation 
of stroke patients using a virtual environment (VE) as shown in Figure. 2-14. The basic idea 
of their system is that stroke patients, who sitting in front of VE scene and one monitor for 
video conference with therapist, imitate the motion of a prerecorded teacher movement being 
performed in the VE scene, meanwhile, the therapist at the clinic can control the speed of the 
teacher movement in the VE scene based on the real-time performance of the stroke patients. 
 Since its invention, the Microsoft Kinect sensor, a depth camera, has gained more interest 
in home-based rehabilitation movement exercise as an interface and trajectory capturer [77], 
[78]. One of the greatest advantages of Microsoft Kinect is that it does not require the patient 
to wear anything while tracking one’s movement. In the study done by Chang et al. [79], the 
accuracy of the Kinect has been examined by comparing the motion tracking performance 
between the Microsoft Kinect and OptiTrack optical system. In their study, motion trajectory 
data of six upper limb motor tasks were collected from individual subjects. The experimental 
results demonstrated that the low-cost Kinect can have good repeatability and adequate 
accuracy. 
 
Figure 2-14 Schematic of the Holden’s VE tele-rehabilitation system [39]. 
 Su [77] also proposed a Kinect-based system for ensuring home-based rehabilitation 
(KHRD). In his system, the stroke patients try to repeat the same rehabilitation exercise 
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performed by them under the supervision of therapist in front of Kinect at home. The Kinect 
captures the stroke patients moving trajectory and sends the trajectory to a computer which 
evaluates rehabilitation exercise function by comparing it with the trajectory at the clinic. The 
therapist can provide the suggestion to the patients to decrease the adverse rehabilitation.    
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CHAPTER 3: TWISTED STRING ACTUATION 
 The basic concept of a twisted-string actuator is simple: it converts rotational movement 
of a motor into linear movement by a string as shown in Figure 3-1. With one end fixed on a 
DC motor shaft and the other end fixed on the load, two or multiple strands can be twisted by 
the rotational movement of a motor. As the motor starts to rotate, the string connected to the 
motor shaft starts to reduce the distance between both ends and generate a linear motion. As 
the motor reverses its direction, the length of the strands gradually returns to its initial value. 
The twisted string is considered as a one direction linear actuator since the actuator cannot 
generate the push force to the load during the motor reversing process.  
 
 
Figure 3-1 Concept and configuration of a twisted string actuation system [28]. 
3.1 Kinetostatic Model of the Twisted String Actuation 
 A mathematical model for such a twisted-string actuator has been developed by Würtz et 
al  [28],[27].The relationship among the angle , the revolution of the motor shaft , and the 
DC motor
Optical
encoder
Twisted string
Bearing
Joint
Rotating direction
Linear movement
L
in
e
a
r
m
o
v
e
m
e
n
t
29 
 
length of the string L can be concluded from the geometric configuration of the helix formed 
by the strands as shown in Figure 3-2. They are 
 (3-1) 
 (3-2) 
where α is the angle between the strand and horizontal level, L is the strand length as it is 
unwrapped, θ is the total revolution of the motor shaft, and d is the length of the string after 
being twisted.  

2r
Fi

L
r
d
Fz
L
 
Figure 3-2 Schematic representation of twisted string and forces. 
 The coefficient r is the effective radius of the string, which is a combination of multiple 
strands. The effective r which is the distance between the effective strands and center of 
rotation would be r = rs + rc, where rs is the radius of the central neutral strand and rc is the 
radius of the surrounding effective strands. The twisted string is assumed to be a linear spring 
that only provides the tensile force. As the strands start to be twisted, the length of a single 
strand is changed from its original, or untwisted, length L0 to L. Then the relationship 
between the tension force Fi and the changed length of the strand can be derived from 
Hooke’s law, which is 
2 2 2
0 0( ) ( )i L LF K L L K r d L     . (3-3) 
where KL is the stiffness coefficient of the strands. Thus, the total length of a twisted-string L 
is a function of the tension Fi, the strand stiffness KL, and its unloaded length L0. That is 
2 2 2L r d 
sin ,cos , tanr d r
L L d
     
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



 . (3-4) 
If n strands are included in a string, the projected forces along vertical and radial directions 
can be derived, which are 
cosz iF nF   and . (3-5) 
Thus, the generated torque τL becomes 
. (3-6) 
The relationship between the total axial force generated by twisted string actuation and the 
torque generated by motor can be derived from (3-6), which is  
2
( ) tan( )L
Z
r
K r
F d

 
     (3-7) 
   However, the total stoke of the linear movement of the string is restricted by the number 
of allowable revolutions of the string. Based on this geometric relationship, there exists a 
maximum angle (or revolutions) αmax that all strands are wrapped tightly around each other. 
After this point, strands begin entangling around themselves. Assuming there is no load (Fz=0) 
applied to the transmission and combining (3-4) with the geometry of the strands at 
maximum θ angle, θmax and dmin are 
and . 
(3-8) 
3.3 Adaptive neuro fuzzy inference system model 
Many attempts have been made to construct simplified models for the twisted string 
in order to design a model-based controller such as the model proposed by Wurts and 
Gapomov discussed in the previous section. Although these models can reflect the 
relationship between force and string length, there are still obvious differences between 
mathematical modeling and actual performance of a twisted string. The main reason for the 
  siniF nF 
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differences can be caused by not considering friction among strands, the elasticity of single 
strands and deformation of individual strands. In this study, an adaptive neuro-fuzzy 
inference system (ANFIS) is also adopted to model the twisted string actuation system. The 
fuzzy inference mechanism is adjusted by applying the NN to process the input and output 
data in ANFIS. The advantage of this model is that the nonlinear phenomena can be included 
as part of the input to make the estimation more accurate. In the twisted string actuation 
system, there are three inputs and two outputs. The two inputs are motor revolutions and 
input current. The output variables are the actuation stroke Δd and the force generated by the 
twisted string actuator as shown in the Table 3-1. 
Table 3-1 Input and Output of ANFIS model 
Input Output 
Current Motor Revolutions Stroke Δd Force 
Due to the fact that there are two outputs in the twisted string and the ANFIS can only 
have one output, the multi-output model of the twisted string can be designed by putting two 
single ANFIS model in parallel as shown in Figure 3-2. Based upon the inputs, the two 
ANFIS models generate two output signals representing the force and linear displacements of 
the twisted string actuation system. 
ANFIS 1
ANFIS 2
Input
Output 1
Output 2
 
Figure 3-3 A two output ANFIS structure. 
 The ANFIS combines the fuzzy inference system with an artificial neural network. In the 
fuzzy inference system, the decision of the membership function and rule bases of the fuzzy 
inference system cannot be automatically acquired although the fuzzy inference system can 
reason with imprecise information. By incorporating the artificial neural network’s ability of 
automatically training the parameters of the system, the ANFIS gives the fuzzy inference 
system the capability to adjust the membership function parameters based on the input and 
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output data sets. The Sugeno fuzzy model, which was proposed by Takagi, Sugeno and Kang 
[80], is used to generate fuzzy rules based on given input-output data sets. Instead of 
generating the fuzzy rules by summarizing the expert reasoning process, the Sugeno fuzzy 
model provides a systematic approach to generating fuzzy rules. The twisted string actuation 
system has two inputs, current (I), motor revolutions (θ) and the output are the actuation 
stoke (Δd) and the force (Fz). Then the if-then rules based on the first -order Sugeno fuzzy 
model are given in the following equation: 
  
1 1 1 1 1 1
2 2 2 2 2 2
1: ;
2: ;
: ;
m m z
m m z
mj mj zH H H H
Rule IF I is A and is B then F p I q c
Rule IF I is A and is B then F p I q c
Rule k IF I is A and is B then F p I q c
 
 
 
    
    
    
 (3-9) 
where j=1,2,….q, H=1,2,…..q2, Am and Bm are the fuzzy membership sets, q is the number of 
the membership function, FZH is the linear functions, pH ,qH and cH are parameters of the 
linear function FZH. The architecture of five layer ANFIS with two inputs and 2q membership 
functions is shown in Figure 3-4.   
Am1
Amj
Bm1
Bmj
I
θ 
Am1
Am1
I θ 
I θ 
I θ 
 
Figure 3-4 Architecture of a five layer ANFIS. 
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 In the Layer 1, the triangular shaped membership function is used to generate the 
membership grades, which is  
  1, ( ) 1,2...kk AO I k q   (3-10) 
 or 
  1, ( ) 1, 2,...2kk BO k q q q      (3-11) 
where I, θ are the inputs to node Ak or Bk which are the fuzzy set associated with triangular 
shaped function. 
  
0,
,
( )
,
0, c
k
k
k
k k
k k
A
k
k k
k k
k
I a
I a
a I b
b a
i
c I
b I c
c b
I


 
  

 
  
 


 (3-12) 
  
0,
,
( )
,
0, c
k
k
k
k k
k k
B
k
k k
k k
k
a
a
a b
b a
r
c
b c
c b








 
  

 
  
 


 (3-13) 
where , ,k k ka b c are the parameters of the membership function. In the Layer 2, the output of 
each node is generated by using T-norm operator for incoming signals and it is given in the 
following equation. 
  
1 1 1
1
2,
q q
A B A Bq
H H
A B A Bq
O W
   
   
  
 
   
  
 
 (3-14) 
 Each element of the matrix, which is T-norm algebraic product, represents the firing 
strength of the associated rule. It is necessary to normalize all the firing strengths in the 
ANFIS, otherwise the network will be ill-conditioned. In the Layer 3 normalization is done to 
make the output of each node in this layer have the same range that can guarantee stable 
convergence of the network. The firing strengths are normalized in the following equation. 
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2
3,
1 2
H
HH
q
W
O W
W W W
 
 
 (3-15) 
 In the Layer 4, the rule outputs based on the Sugeno fuzzy model can be calculated by 
substituting the value of parameters of the linear function fj. 
  4, ( )H HH zH H H HO W F W p I q c       (3-16) 
 In the Layer 5, the output of the ANFIS can be acquired by summarizing all incoming 
signals from the layer 4. 
  5 H zH
H
O W F  (3-17) 
 There exist two kinds of parameters, premise parameters and consequent parameters, 
based upon the analysis of the architecture of the ANFIS. The parameters in the layer 1, such 
as , ,k k ka b c , are referred to as premise parameters. The parameters in the layer 4, such as pH, 
qH and cH are referred to consequent parameters. The hybrid learning algorithm is adopted to 
optimize both premise and consequent parameters in the ANFIS. The hybrid learning 
algorithm has forward pass and backward pass, in which the premise parameters and 
consequent pass are obtained individually. The output of the ANFIS can be expressed as a 
linear combination of the consequent parameters when the values of premise parameters are 
fixed in the forward pass.      
  
2
2
2 2
2 2
1 21 2
1 1 2 21 1 2 2( ) ( ) ( ) ( ) ( ) ( )
qz z z zq
q q
q q
F w F w F w F
w I p w q w I p w q w I p w q  
  
     
 (3-18) 
 Rewrite Eq. (3-18) as: 
  
zF  XW  (3-19) 
where 
    21 2qI I  X ,
2
2
2
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1
2 *1
q
q q
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q
p
q
 
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 
 
  
W  (3-20) 
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 The least-squares estimation method is employed to find the values of the consequent 
parameters. Since the XTX is nonsingular matrix, the Wˆ , estimated value of the W , can be 
solved uniquely: 
    ˆ zF
T -1 T
W = (X X) X  (3-21) 
 When the consequent parameters are determined based on the output of the ANFIS, we 
propagate the error signal ep between the actual output and output of ANFIS back through the 
network. Then the value of premise parameters can be updated by gradient descent.  
  
( 1) ( )
( 1) ( )
( 1) ( )
p
k k
k
p
k k
k
p
k k
k
E
a t a t
a
E
b t b t
b
E
c t c t
c




  


  


  

 (3-22) 
where 2
1 ˆ( )
2
p z zE F F  ,   is the learning rate for , ,k k ka b c , and t is the time stamp. The 
chain rule is employed to calculate the partial derivatives (
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used to update the , ,k k ka b c . 
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 (3-23) 
  Since 2
1 ˆ( )
2
p z zE F F  , 
ˆ( )
p
z z p
z
E
F F e
F

  

, (3-24) 
1 2z z z zHF F F F    , 1
z
zk
F
F



, (3-25) 
21 2
( )kzk k k k
q
w
F p i q r c
w w w
    
 
, 
21 2
( )zk k k k z
k q
F p i q r c F
w w w w
     

  
, (3-26) 
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and        
k k
k k
w w
 



, (3-27) 
then substituting Eq. (3-24), (3-25), (3-26) and (3-27) into the Eq. (3-23), the gradient are 
then obtained as 
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 (3-28) 
 It is necessary to determine the initial value of the premise parameters before performing 
the hybrid learning process. The Matlab ANFIS tool box is used to train the network in 
off-line. The experimental results are collected as the training data set. In this study, there are 
three membership functions for each input. The actual structure of the ANFIS is shown in the 
Figure 3-5. 
 
Figure 3-5 Actual structure of ANFIS. 
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Figure 3-6 Comparison between ANFIS model and Experimental results. 
 
 The Figure 3-6 demonstrates the comparison between the experimental results and two 
predicted output of two ANFIS model. As shown in Figure 3-6, the ANFIS model matches 
well with the experimental results. This model will be used throughout for controller design 
and optimization in the following chapter. 
3.2 Experimental Setup of Twisted String Actuation 
 In this section, an experimental platform was adopted to validate the Kinetostatic model 
of twisted string actuator. The configuration of the platform is shown in Figure 3-7. One 
string with 7 strands (1 neutral and 6 effective) is used to drive the external load. The string is 
connected to two holders that were fixed to the shaft of the DC motor (Pololu motor with a 64 
CPR Encoder) and the load, as shown in Figure 3-8. The diameter of each strand of adopted 
tactical cables is 1.2 mm, and the original length of a single strand is 500 mm. The DC motor 
used to twist the string is driven by a PWM mode L298 H-Bridge. The AC712 current sensor 
is used to measure the current of the armature of the DC motor. The WXY linear encoder is 
used to measure the linear displacements of the twisted-string, the resolution of linear 
encoder is 0.04 mm. The SHIMPO FGV-XY20 is used to measure the tensile force generated 
by the twisted-string, the resolution of the force gauge 0.1 N. The ACS712 hall current sensor 
is used to measure the current through DC motor’s armature. To acquire the movement and 
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force data, a desktop PC with a Pentium IV 2.4 GHz and 1 GB memory is used for data 
acquisition. Two data acquisition I/O cards (PCI-6221 and PCI-6601) manufactured by 
National Instruments are used to generate command signals to motor drivers and to acquire 
signals from the linear encoder, current sensor and force sensor. The data acquisition program 
is developed using MATLAB Simulink with xPC Toolbox [81]. The sampling rate is 100 Hz. 
To guarantee enough current and minimize the noise, a regulated DC power supply (HY3000), 
which can offer continuous output voltage (0 - 30V) and output current (0 - 5A), is adopted as 
the power supply for the experimental platform.  
 
DC-motor
Twisted string
Load
Spring
Force Sensor
Linear encoder
mg
 
Figure 3-7 Configuration of experimental setup of twisted string actuation.  
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Figure 3-8 Strand holder mounted on DC motor. 
 Figure 3-9 describes the comparison of the theoretical model, Eq. (3-4), and 
experimental data acquired in the experimental platform. Note the discrepancy between the 
theoretical model and the experimental data is obvious. There are several factors that affect 
the correct of the model. First, the theoretical model is a continuous function with respect to 
motor revolutions, which means that even very small motor revolutions still can generate 
linear displacements of twisted string. However, it is obvious that the twisted string would 
keep its length at original length until the motor turns 5 revolutions. The reason is that there 
are gaps among different strands due to the design of the strand holder as shown in Figure 3-8. 
Before producing the linear displacement the gap among strands needs to be decreased to 
zero. Second, the varying diameter of each strand due to the external force also influences the 
correct of the model.    
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Figure 3-9 Relationship between motor revolutions and stroke. 
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 Figure 3-10 demonstrates the relationship between motor revolutions and force generated 
by the twisted string actuator. Since the force transmission of the twisted string actuator plays 
the key role in controller design, the constant current source is used to drive the DC motor, 
which can ensure the torque generated by DC motor stays unchanged during the whole 
process of twisting string. The data, as shown in Figure 3-10, is obtained when the constant 
current source provides 0.7 Amp current. From the Figure 3-10 (a), it is obvious that the force 
transmission keeps increasing along with motor revolutions when the torque generated by the 
DC motor is constant, which means the force transmission efficiency can be increased by 
pre-twisting string to specify operation range. The two stages of transition are shown in the 
Figure 3-10 (a), the two phase of the force transmission are: initial phase, which the twisted 
string actuator does not generate the linear displacement, and normal phase. It is easy to make 
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Figure 3-10 Relationship between motor revolutions and Force. 
a conclusion that the force transmission will increase to infinity based on simply observing 
the Figure 3-10 (a), however with the increasing of motor revolutions the parts of torque 
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generated by the DC motor used to overcome the friction among strands will also be 
increased. From the experiment results of the Figure 3-10 (b) and 3-10 (c), we notice that the 
force and linear displacements generated by the DC motor achieve balance, which means the 
torque generated by the DC motor is equal to the friction and external load. Once the twisted 
string actuator achieves balance the torque that can be transferred to external load become 
less even the force transmission is still increasing. 
Figure 3-11 describes the comparison of the theoretical model, Eq. (3-7), and 
experimental data. By comparing the degree of similarity between shapes of the theoretical 
model and experimental data, the theoretical model, Eq. (3-7), does not match what we 
expect for the relationship between motor revolutions and force transmission. The similar 
phenomenon occurs, the force transmission irregularly changing before the twisted string 
actuator starting to generate the linear displacement, because the parts of torque generated by 
the motor is used to make the each strand be tightly together. Except the gaps among each 
strand in the initial state due to the mechanical, unmolded dynamics and unstructured 
uncertainties also deteriorate the correct of the model. In such a robotic application, both 
accuracy and consistency of an actuator are important. The consistency of an actuator is 
defined by the terms of repeatability and hysteresis. Figure 3-12 illustrates the whole data set. 
As shown in Figure 3-12, the trajectory of the same set of data for contraction and extension 
do not match, meaning there is a hysteresis error in the system. With the existing hardware, 
different loadings were tested for the consistency. The experimental outcome demonstrates 
that the twisted string actuator has better repeatability for contraction than extension. 
Meanwhile, the hysteresis effect is less significant if the twisted string actuation is operated 
more than 15 revolutions of the motor shaft.  
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Figure 3-11 Relationship between motor revolutions and Force transmission. 
 
Figure 3-12 Comparison between extension and contraction of twisted string.   
 Based upon above experimental results and above analysis, it is clear that if we pre-twist 
string before using the twisted string actuator to drive the external load, the hysteresis effect, 
time delay and the irregular force transmission in the initial phase can be avoided, which is 
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very important for designing a high accuracy controller of motion systems. Five experiments 
are performed with the goal of verifying this assumption. In this five experiments, the string 
is pre-twisted five turns before the experiments starting. Figure 3-13 illustrates the 
relationship among motor revolutions, force and linear displacements generated by the 
twisted string actuator after pre-twisting string. Both the force and linear displacement curves 
express better continuity than no pre-twisted curves. Therefore, pre-twisting the string is a 
method, efficient and easy to achieve, to reduce the complexity of controller design.    
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Figure 3-13 Relationship among motor revolutions, Force and Stroke with Pre-twist. 
 Figure 3-14 illustrates the relationship between linear displacements and force 
transmission of the twisted string actuator after pre-twisting the string. As we had discussed 
above, the relationship between linear displacements and force transmission ratio also 
demonstrates the better continuity under different currents, as shown in the Figure 3-14.   
 Although this Kinetostatic model described in the last section can reflect the relationship 
between axial forces, the torque generated by motor and string length, there are still obvious 
differences between mathematical modeling and actual performance of a twisted string. The 
main reason for the differences can be caused by not considering of friction among strands, 
the gap among different strands, the elasticity of single strands and deformation of individual 
strands. Therefore, the twisted string actuation system falls into the class of the real world 
processes that are not easy to obtain the mathematical representation. In a real-time control 
system, there are a large variety of plants, similar to twisted string actuator, whose system 
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model are highly nonlinear and cannot be physically derived. For these nonlinear plants, the 
experiments can be performed to extract approximate model by using sophisticated curve 
fitting approaches. 
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Figure 3-14 Relationship among force transmission ratio and linear displacements after 
pre-twisting. 
In this study, the approximation of the static characteristic of the actuator is made 
using the Matlab toolbox called Curve Fitting Tool. The armature current of DC motor which 
is proportional to torque is the input of the motion system in this study. Therefore, the 
function of force transmission and linear displacements are required to design the controller. 
The approximate function of force transmission and linear displacement are found by curve 
fitting approach. Then the force generated by the twisted string actuator can be predicted by 
this approximate function. The approximate function are exponentiation function: 
  ( )
xK x e   
    (3-29) 
The values of the coefficients of the function are: 
  0.001894  , 0.005465  , 0.2139   (3-30) 
Approximated static characteristic of the twisted string actuator according to the Eq. 
(3-9) is shown on Figure 3-15. 
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Figure 3-15 Approximated static characteristic of the twisted string actuator. 
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Figure 3-16 Experimental results and curve fitting of force transmission function.    
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Before applying the approximating function obtained by the curve fitting in the 
controller design, it is necessary to check its accuracy. The first plot of the Figure 3-10 shows 
the comparison between the curve fitting results of force obtained by using DC motor’s 
armature current to multiply the torque constant and the experimental results directly 
obtained by the force sensor. From the second plot of Figure 3-16 it is apparent that the error 
between the curve fitting and experimental results is small, and the discrepancy between them 
can be compensated in the process of the controller design.  
In this study, curve fitting approach and adaptive neuro-fuzzy inference system 
(ANFIS) [82] are separately adopted to model the transmission ration function of twisted 
string actuation system. The curve fitting approach is used to provide an approximate model 
for the adaptive robust controller. The adaptive neuro-fuzzy inference system (ANFIS) is 
used to optimize the different gain values in the adaptive robust controller by simulation. 
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CHAPTER 4: Design of the exoskeleton rehabilitation robot device 
4.1 Mechanism design of the exoskeleton rehabilitation robot device 
The aim of the upper limb exoskeleton rehabilitation robot designed in this study is 
not only to help stroke patients to perform rehabilitation activities but also to provide 
assistive force for the elderly people and patients with impairments. To meet requirements of 
the desired function, the mechanism of the robot requires the following criteria and 
guidelines: 
1. For the purpose of wearing the robot, the mechanical structure of the robot must 
be as simple as possible with the premise of meeting the requirement of strength 
criteria; 
2. The mechanically adjustable design needs to be adopted in order to make the 
robot compatible for the patients with different body size; and 
3. The most important concern of a wearable robot is its safety. To guarantee the 
safety of a rehabilitation robot while operating a hard mechanical stop and the 
corresponding safety control strategy, and power-off protection mechanism need 
to be taken into consideration. 
To provide good mobility, the robotic device also needs to be capable of reproducing 
arm motions with enough DOF’s and lightweight. Mechanical mechanism and force actuators 
need to be carefully designed to provide the largest force with least weight. Based on clinical 
observation, the full return of arm motion is noted mostly in the elbow, less in the hand, and 
least in the shoulder [83] for stroke patients and the total number of DOF’s of 
should/elbow/wrist is 10 [84]. Among the three joints, shoulder needs to provide the largest 
force in many cases. In this design, we focus on the joints of elbow and shoulder. Statistically, 
56% of stroke occurs in left hemisphere of the brain, which can affect the right side of body. 
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Stroke that occurs in right hemisphere of brain affects more on language skills rather than 
motion skills. Thus, the targeted arm is right-hand arm. Figure 4-1 illustrates the preliminary 
design of the assistive robotic device developed at West Virginia University. The major 
concern of designing such an assistive robotic system is to minimize the load on the user’s 
arm. The total weight of this design is only ~530 g including both mechanisms for the upper 
and lower arms. Instead of placing everything on user’s arm, batteries, actuators, and 
supporting circuits are packed in a backpack, in which the users can carry these accessories 
on their backs. 
 
Figure 4-1 Preliminary design of the assistive robotic device [85]. 
Based on the above consideration, the upper-limb exoskeleton robot designed in this 
study is consisted of two independent joints (pulley) driven by two pair of antagonized 
twisted string actuators respectively. The elbow and shoulder joints are put in motion by the 
two pulley located at the elbow and shoulder joint separately, as show in Figure 4-2. Figure 
4-3 shows that the distances between two pulleys can be increased or reduced by adding an 
adjustable telescopic structure that can be freely fixed using bolts. The adjustable telescopic 
structure is located between the shoulder joint and elbow joint. By observing the ranges of 
shoulder pronation and supination, upper arm rotation and elbow flexion and extension, 
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mechanical hard stops are used to limit the range of the pulley’s motion to protect users. The 
limited rotation range of the pulley located at shoulder joint is 0 to 120 degrees. The limited 
rotation range of pulley located at elbow joint is 0 to 135 degrees. Two foam cushions are 
installed at two adjustable telescopic structures with straps, which are used to fasten the 
robotic arm and stroke patients’ arm together. The foam cushions make it easy for the stroke 
patients to feel comfortable. 
 
Figure 4-2 Schematic of upper limb rehabilitation exoskeleton robot. 
 
Figure 4-3 Schematic of adjustable telescopic structure of upper limb rehabilitation 
exoskeleton robot.  
 Since weight is one of the most important factors affecting the feasibility of the 
rehabilitation exoskeleton robot, the twisted string actuation, and robot’s joints are separated 
and placed at different locations, which provides a benefit to select different length strands to 
twist based on the individual stroke patient. In this study, the exoskeleton robot has the 
detachable design; the twisted string, DC motor, battery and microprocessor are installed on a 
backpack, which can be worn on the stroke patients’ back; the Bowden cables, which is 
similar to bike brake cable, are used to connected actuators on the backpack to exoskeleton 
robot arm. Figure 4-4 illustrates the schematics of the backpack from different perspectives. 
 
Bolt
Bolt
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As shown in Figure 4-4, the four DC motor are fixed at the one side of the belt of the 
backpack, the battery and microprocessor are fixed at the other side of the belt of backpack. 
Figure 4-5 and Figure 4-6 illustrate the 3D exterior rendering of stroke patients wearing the 
exoskeleton robot rehabilitation device. 
 
Figure 4-4 Backpack of exoskeleton robot.  
Bowden Cable Holder
DC Motor
Actuation String
Backpack Straps
 
Figure 4-5 Backpack on the stroke patient.  
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Figure 4-6 Exoskeleton rehabilitation robot device on the stroke patient.  
The twisted string actuator is a one way driver since it can only generate the tensile force 
along the direction of the DC motor shaft by twisting the strands and cannot generate the 
dilation force when untwisting the strands. According to the observation of the rehabilitation 
process of stroke patients, the stroke patients’ arm cannot be back to the initial position once 
they turn their elbow over a certain angle. Due to the lack of the muscle flexibility, the stroke 
patients must rely on the gravity or external force to make their arm go back to the initial 
position. In order to allow the stroke patients who use the exoskeleton robot to exercise their 
arm in two ways, the robot needs to have the ability to provide both the tensile and dilation 
force to user’s arm. Twisted string based antagonistic actuator designed in this study consists 
of two twisted string actuators which are acting against themselves and the resultant position 
of the actuator is given by equilibrium of their tensile forces according to different stroke 
displacement of twisted string actuators as shown in Figure 4-7. Operation of the present 
twisted string based antagonistic actuators is realized by length of the string decreasing in the 
one twisted string actuator and simultaneous length of the string increasing in the other 
twisted string actuator. The linear displacements of the two twisted strings are cross-coupled 
with each other. Unsynchronized motion can make the joint to be slack or non-uniform 
movement of the exoskeleton robot arm as shown in Figure 4-8.  To compensate for both 
tracking and synchronization response cross-coupled control strategy [67], was applied to the 
twisted-string actuators to compensate for both tracking and synchronization response. 
With the current design of our proposed robotic system, four twisted strings are employed 
to drive two pulleys located at elbow and shoulder joints of the robot in a clockwise or 
counterclockwise direction.  
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Figure 4-7 Configuration of a joint of a dual twisted-string actuation system in a robotic 
system. 
 
Figure 4-8 Three scenarios of synchronization between extending and contracting 
strings. 
4.2 Cross-Coupling Dynamics 
 The controller is responsible for the coordinating the motion of the different twisted 
string actuators in the exoskeleton robot device. In orde to improve the synchronization 
performance among different twisted string actuators, the appropriate synchronization 
Faster extending 
speed
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speed
Identical extending/
contracting speed
Center 
shift
Center 
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strategy is required to be employed in practice. There are three synchronization strategies, 
tandem, master-slave, and cross-coupling, have been widely employed in industrial systems. 
The scheme of the tandem control approach is shown in Figure 4-9. In this scheme, the 
synchronization errors between two axes are minimized through dynamics matching and 
reference generator. Reference trajectory generator produces the different trajectory for each 
axis based on the difference of dynamics of the two axes and the traditional control 
approached, such as PID, can be implemented in each axis’ control loop for accurate 
synchronization.     
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Figure 4-9 Scheme of tandem control. 
 The scheme of the master-slave control approach is shown in Figure 4-10. In 
master-slave control, one axis of the multi-axis is considered as the master from which output 
is fed back as a reference input to the rest of the axes of the system which are considered as 
the slave. The goal of the synchronization can be achieved through slave following the master. 
The master-slave synchronization strategy is normally suitable for the system in which each 
axis has different dynamics and responses. The slowest axis is often be considered as the 
master; other axes are considered as the slave, which can ensure the slaves have the ability to 
follow the master. Due to the nature of the tandem control approach, any disturbances acting 
on one axis in a multi-axis system can not be compensated by the other axes. A similar 
phenomenon has occurred in the case of master-slave control in which any disturbances 
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acting on a slave axis in a multi-axis system can not be compensated by the master axis and 
other slave axes. In order to deal with the disturbances acting on different axes in a multi-axis 
system, the cross-coupling synchronization strategy was developed to achieve accurate 
motion synchronization in a multi-axis system. In cross-coupling control strategy, the 
controller minimizes both the synchronization errors among the different axes and 
position-tracking error of single axis at the same time to achieve the requirements of 
synchronization and tracking. The scheme of the cross-coupling control approach is shown in 
Figure 4-11. In the proposed exoskeleton robot device all twisted string actuators are 
constituted of the same length, material and number of strands, and will have the same 
dynamics.  
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Figure 4-10 Scheme of master-slave control. 
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Figure 4-11 Scheme of cross-coupling control. 
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4.3 Experimental setup 
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Figure 4-12 Schematic of experimental setup (single joint). 
 In this study, a single joint of robotic system was adopted to test the tracking and 
synchronization of a dual twisted-string actuation system. The configuration of the actuation 
is shown in Figure 4-13. Two strings with 7 strands (1 neutral and 6 effective) were used to 
extend and contract the attached strings to drive the rotational movement of the joint. The 
diameter of each strand of adopted tactical cables is 1.2 mm, and the original length of a 
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single strand is 500 mm. A single string was connected at both ends with one end driven by a 
gear motor and one end connected to a belt that rotates the joint. The joint shown in Figure 
4-13 is an XL Type Aluminum timing belt pulley with 50 teeth. The pitch of the belt, which 
is made of rubber, is 5.08mm and the tooth height is 1.5mm. The length of the belt can be 
elongated due to its elasticity. The extensional or contractile string was connected to two 
holders which were fixed to the shaft of the DC motor (Pololu motor with a 64 CPR Encoder), 
as shown in Figure 3-8.  
To acquire the movement data, a desktop PC with a Pentium IV 2.4 GHz CPU was used for 
data acquisition. Two data acquisition I/O cards (PCI-6221 and PCI-6601) manufactured by 
National Instruments were used to send out command signals to the motor driver and to 
acquire signals generated by the optical encoders of the motor and the pulley. The data 
acquisition programs and control algorithm were developed using MATLAB Simulink with 
xPC Toolbox. The schematic of the a single joint of the robotic system in Figure 4-12. 
 
Figure 4-13 Configuration of experimental setup (single joint). 
4.4 Linear Controllers – PID, PID-CC, LQR 
From Figure 3-9, it is clear that the relationship between motor revolutions and length 
variation of a twisted string is not linear. A complete extension/contraction stroke of the 
string actuation is a hysteresis process. To reduce the hysteresis, it is required to pre-twist the 
strings to tension them slightly instead of operating the strings from a slack situation. Since 
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the linear actuators have an uncomplicated control design, making them easier to implement 
in the robotic system. The decreased complexity of control design for linear actuators allows 
the overall design to be simpler and more stable, which drives us to locate the approximately 
linear operational range from the whole operational range of the twisted string actuator. The 
twisted string actuator is intended as a linear actuator in this approximately linear operational 
range. From the theoretical model and the experimental results, the best approximately linear 
operational range for a 60 mm stroke is suggested to be between 15 to 35 revolutions for the 
adopted tactical cable.  
To design an adequate controller for the actuator, it is necessary to derive the 
mathematical models of the adopted DC motors. Figure 4-14 illustrates the block diagram of 
a DC motor with the consideration of power saturation. The armature inductance of the 
adopted DC motor is small enough to be ignored. Thus, the transfer function of the DC motor 
can be approximated by a first order system. The nominal linear model of the motor can be 
obtained by using system identification techniques in the frequency domain. The physical 
properties of the plant are listed in Table 4-1. 
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Figure 4-14 Block diagram of the DC motors used to drive the twisted strings. 
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Table 4-1 Symbols of parameters used to model driving motor. 
Symbol Description 
J Effective rotational inertia 
Bv Effective viscous friction coefficient 
R Motor armature resistance 
Kt Motor torque constant 
Kb Motor back-EMF constant 
ρ Transmission ratio of twisted string 
With this configuration, the transfer function from voltage command to the linear 
displacement of the twisted string actuator can be represented by the following transfer 
function, which is 
, (4-1) 
where 
0
t
v t b
K
K
B R K K


 and 
v t b
JR
B R K K
 

. (4-2) 
In this case, ρ is the transmission ratio of between the revolutions of DC motor and 
displacement of the attached twisted string by performing a linear curve fitting within the 
selected operational range. 
4.4.1 PID Controller  
The controllers used in this section are two PID controllers designed using the 
pole-placement method that compensates individual actuators independently. The controller 
synthesis is based on the model of the driving motor and the approximation of the 
twisted-string actuating mechanism. Since the actuation systems of both sides adopt the same 
type of driving motors and tactical cable, the transfer functions used to design the controllers 
are the same. The trajectories of the individual motors are dispatched by a trajectory planning 
function depending on the desired angular position of the joint. Figure 4-8 illustrates the 
0( )
(1 )
K
G s
s s




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block diagram of the two twisted string actuators. With the simulation results, the designed 
controller can provide adequate tracking performance for a single actuator if the desired poles 
are carefully selected. With this design, the two actuators are assumed to be two independent 
SISO systems that do not interfere each other. The two actuators are designed to track the 
opposite trajectory input, where a trajectory planning function is introduced to transfer a 
predefined angular movement to a trajectory of linear displacement. Instead of tracking the 
angular position of the driving motors, two linear encoders that measuring the linear 
displacement of the two strings were adopted. In the experiments, the joint driven by the 
twisted string actuating system is designed to track both sinusoidal and trapezoid signals 
which are converted to the linear displacement of two actuators. 
To evaluate the performance of the controlled outcome, two types of motions were used: 
sinusoidal and trapezoidal movements. For the sinusoidal motion, the amplitude of the 
periodic displacement is 60 mm and the duration of each cycle is 4 sec. For the trapezoidal 
motion, each string extends/contracts 40 mm within 2 sec from rest. It then stops for 2 sec 
and then returns to its starting position within another 2 sec. Figure 4-15 and Figure 4-16 
illustrates the experimental results of the sinusoidal and trapezoidal motion tests, including 
angular positions and synchronization errors. From the experiment results, it is clear that such 
an approach yields a poor performance in both tracking and synchronization without 
considering the cross-coupling dynamics between the two actuators. The maximum 
synchronization error can be as high as 20 mm for sinusoidal motion and 6 mm for 
trapezoidal motion. The huge error of both tracking and synchronization can be caused by 
disturbances created by the string actuator in the opposite direction. Such disturbances can 
also generate unevenly distributed loads on the twisted-string actuators at both sides. 
Therefore, the required amounts of contraction/extension for the two sides are often not the 
same, which can change the required revolution of the driving DC motors.  
60 
 
0 2 4 6 8 10 12
-20
0
20
40
60
Left twisted string actuator
D
is
p
la
ce
m
en
t 
(m
m
)
Time (sec)
 
 
Reference
Test 1
Test 2
0 2 4 6 8 10 12
-80
-60
-40
-20
0
20
Right twisted string actuator
D
is
p
la
ce
m
en
t 
(m
m
)
Time (sec)
 
 
Reference
Test 1
Test 2
0 2 4 6 8 10 12
-30
-20
-10
0
10
S
y
n
ch
ro
n
iz
at
io
n
 (
m
m
)
Time (sec)
 
 
Test 1
Test 2
 
Figure 4-15 Experimental outcome of PID controller (sinusoidal motion): (a) 
comparison between reference trajectory and actual trajectories of left actuator; (b) 
comparison between reference trajectory and actual trajectories of right actuator; (c) 
synchronization errors between left and right twisted actuators. 
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Figure 4-16 Experimental outcome of PID controller (trapezoidal motion): (a) 
comparison between reference trajectory and actual trajectories of left actuator; (b) 
comparison between reference trajectory and actual trajectories of right actuator; (c) 
synchronization errors between left and right twisted actuators. 
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4.4.2 PID controller with feedback of cross-coupling dynamics (PID-FC) 
As the motor on one side starts to twist one string, the string on the other side must 
untwist. Unsynchronized motion can make the hysteresis phenomenon of linear displacement 
of the string more severe so that both tracking and synchronization performance are degraded. 
In this case, regular PID controller cannot compensate for trajectory tracking precisely due to 
the disturbance and unsynchronized motion. In order to improve both tracking and 
synchronization performance, cross-coupling dynamics in the multi-axial system needs to be 
added to individual feedback loops. With the consideration of cross-coupling dynamics, the 
control structure can be modified as shown in Figure 4-11. The cross-coupled dynamics 
adopted in this study is the deviation of the linear positions of both actuators. The control 
goal of such a control strategy is to make both tracking and synchronization errors 
converging to zero. In this case, synchronization error between two actuators is introduced as 
input disturbance in the feedback loop with a cross-coupling gain. Then the cross-coupling 
gain can be adjusted according to its importance. High gain compensation of synchronization 
error due to the cross-coupled relationship can compensate for the synchronization 
performance. However, the trade-off is that the performance of tracking controller of 
individual axes can be less effective since more control effort is focused on synchronization. 
Figure 4-17 and 4-18 illustrate the controlled results of PID-FC. It is clear that the 
maximal synchronization error can be dramatically reduced to only less than 3 mm for the 
desired sinusoidal motion. It also improves tracking error to less than 1 mm for trapezoidal 
trajectory as well. However, the gain of cross-coupling control system design is generally a 
trial-and-error process in which the design parameters are determined by comparing the 
performance among different parameters. However, the gain of cross-coupling controller is 
determined based on a trial-and-error process instead of a systematic approach. Thus, it can 
be difficult to fine tune controlled performance. 
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Figure 4-17 Experimental outcome of PID-FC controller (sinusoidal motion): (a) 
comparison between reference trajectory and actual trajectories of left actuator; (b) 
comparison between reference trajectory and actual trajectories of right actuator; (c) 
synchronization errors between left and right twisted actuators. 
 
Figure 4-18 Experimental outcome of PID-FC controller (trapezoidal motion): (a) 
comparison between reference trajectory and actual trajectories of left actuator; (b) 
comparison between reference trajectory and actual trajectories of right actuator; (c) 
synchronization errors between left and right twisted actuators. 
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4.4.3 LQR controller with feedback of cross-coupling dynamics (LQR-FC) 
To compensate for trajectory tracking of multi-axial systems, linear quadratic optimal 
control law has been found to be an effective mathematic algorithm that minimizes a cost 
function with specified design goals. Cheng et al. [36] proposed a generalized method in 
which multi-axis motion systems can be represented as multiple sub-systems with dynamics 
coupling among them. To apply LQR method to such a cross-coupled dual-axis system, the 
state-space presentation of two actuators is given by 
( ) ( ) ( )
( ) ( )
t t t
t t
   
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•
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 (4-3) 
where t is time, Δd(t) and u(t) are the vectors of state variables and control inputs, A and B 
are system matrices in the following form 
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and 
1 0 0 0
0 0 1 0
 
  
 
C . (4-5) 
 In this study, the actuators are two independent motors. Thus, the coefficients of the 
matrices Aij and bij (i≠j) are all null matrices. τ1, τ2, K01, and K02 are the physical parameters of 
individual twisted-string actuators. Since the goal is to regulate the linear displacement, Δd1 
and Δd2, as well as the difference between these two displacements, a linear quadratic (LQ) 
optimal control method is applied to reduce the synchronization error. In order to achieve 
accurate tracking and synchronization performance, the performance criteria, in which both 
tracking and synchronization errors need to be considered, can be expressed as the following 
equation, 
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where εi, δj, and η are the parameters that need to be determined. To consider the feedback 
cross-coupling dynamics, the deviation of the linear displacements of both actuators are used. 
The synchronization error can then be transformed to the representation of state variables by 
selecting the specified Q matrix. The Q matrix can be defined as 
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and the R matrix is  
1
2
0
0


 
  
 
R . (4-8) 
 Based on the performance index Eq. (4-6) the Hamiltonian equations can be obtained: 
1 1
( ) ( ) ( ) ( ) ( )
2 2
T T T
f fd t d t u t u t P x u   H H R A B
 
(4-9) 
   Based on the necessary conditions the control input can be derived: 
10 ( ) ( ) 0 ( ) ( )T Tu t P t u t P t
u
       

H
R B R B
 
(4-10) 
( ( ( ) ( )) ( ))TP P d t ref t P t
d
 
      



H
Q A  (4-11) 
  where ref(t) is the reference input. In order to acquire the co-state variable P(t) we assume, 
( ) ( ) ( )P t P t d t
 
(4-12) 
   Then we differentiate the Eq. (4-12) 
( ) ( ) ( ) ( ) ( )P t P t d t P t d t
  
 
 
(4-13) 
Combining the Eq. (4-10) and Eq. (4-11) the control input can be obtained: 
1T TP P P P P

    A A BR B Q
 
(4-14) 
1( ) ( ( )) ( )Tu t P t d t  R B
 
(4-15) 
The selection of weight matrices Q and R in linear quadratic optimal control is very 
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important and they have a direct effect on controller's performance. In general, Q and R 
matrices are determined based on experience. Therefore, the controller might not be truly 
optimal or possibly be unstable. To ensure the best performance, genetic algorithm (GA) 
based on the Darwin’s theories was used to search for the coefficients of Q and R matrices 
for global optimal. In this study, the Q and R matrices are  
=
4975 0 -2189 0
0 0 0 0 0.4978 0
,
-2189 0 4975 0 0 0.4978
0 0 0 0
 
 
       
 
 
Q R . (4-16) 
Once the Q and R matrices have been determined, the optimal control law is given by 
97.38 4.23 22.57 0.53
22.57 0.53 97.38 4.23
  
    
K . (4-17) 
The control law is derived to drive the output, or the state, to 0. However, in this case, the 
objective of the controller is to drive the joint to track a reference input. For rref(t) is the 
reference input, the goal is to make y(t)→rref(t) as t →∞. To achieve this objective, a 
feedforward controller is required. We first design a steady state vector dss = Nxrref for 
constant reference input rref, in which Nx converts the reference inputs rref into the desired 
values of the states. The new control law can be defined as: 

ss ss
u -K(d - d ) + u ,  (4-18) 
where uss= Nurref is the steady state control input to maintain Δd at Δdss. To find Nx and Nu, 
we define the desired steady state relationships: 
( ) ( ) ( )
0
( ) ( )=
ss ss ss
ref
ss ref
t t t
t t
   
 





x u
x
d A d B u
(AN + BN )r
y C d CN r
,
 
(4-19) 
and need to solve: 
u
    
    
    
xNA B 0
NC 0 I
. (4-20) 
Then, we can rewrite the control law to be: 
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   u g r K d
, 
(4-21) 
where g is the feedforward gain. That is 
 
1
0

   
    
   
u x
A B
g = N + KN K I
C 0 I
. (4-22) 
 However, this feedforward controller only account for the constant reference input 
because the Nx and Nu rely on modeling of the plant which might not be accurate and LQR is 
a kind of optimal controllers which is not focusing on disturbance rejection. To track the time 
varying reference input and reject disturbances, integral control can be added into the system. 
This can be achieved by augmenting the system by the integrator state ΔdI: 
ref
         
           
     

  
II
0 C d (t) 0 Id (t)
u r (t)
0 A d(t) B 0d(t)
,
 
(4-23) 
 Since the system in this study is the Type-1 system, the Nu is equal to zero. Therefore the 
final control law is: 
 
 
 
I
I x
d
u = -[K K] + KN r(t)
d
, (4-24) 
where KI is integral gain. With this technique, the disturbance can be rejected effectively 
as well [15]. Figure 4-19 and 4-20 demonstrate the experimental results of tracking 
performance for both sinusoidal and trapezoidal motions. It is clear that the LQR-FC 
controller can improve both the transient and steady-state tracking performance over that of 
the PID controllers. With the LQR-FC approach, the synchronization performance can be 
improved as well. It can be observed that the maximum synchronization error can be 
restricted to within 2 mm, which is slightly better than PID-FC controller. It also 
demonstrates better tracking performance than PID-FC controller.  
Based on different types of controllers, the tracking performances of the dual twisted-string 
actuating systems are different as well. Among the three controllers, LQR-FC has the 
smallest synchronization and tracking errors. Table I lists the comparison of both tracking and 
synchronization errors (root-mean-square and maximum errors) among all three controllers. 
It is clear that the PID controller is not able to provide satisfactory tracking performance 
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while the other two types of controllers, PID-FC and LQR-FC, have significantly smaller 
errors. It is also noticed that all three controlled systems have a slightly delayed response. 
Table 4-2 lists the time delays of three controllers. Longer time delay can yield greater 
tracking error. Among all the controllers, the LQR-FC has a significantly smaller time delay 
than the other two controllers. Similarly, the PID-FC uses the cross-coupling feedback to 
obtain a much smaller synchronization error than that of the plain PID controller. This also 
implies that PID-FC can have better disturbance rejection if the disturbance is caused by the 
connected actuators. 
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Figure 4-19 Experimental outcome of LQR-FC controller (sinusoidal motion): (a) 
comparison between reference trajectory and actual trajectories of left actuator; (b) 
comparison between reference trajectory and actual trajectories of right actuator; (c) 
synchronization errors between left and right actuators. 
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Figure 4-20 Experimental outcome of LQR-FC controller (trapezoidal motion): (a) 
comparison between reference trajectory and actual trajectories of left actuator; (b) 
comparison between reference trajectory and actual trajectories of right actuator; (c) 
synchronization errors between left and right actuators. 
Table 4-2 Comparison of performance of controllers of sinusoidal motion. 
 
RMSE (mm) 
Sync error Tracking error 
PID without cross coupling 3.88 
4.03 (L) 
6.92 (R) 
PID-FC 0.62 
5.03 (L) 
5.32 (R) 
LQR-FC 0.63 
1.66 (L) 
1.65 (R) 
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Figure 4-21 (a) Control effort of left twisted string actuator (sine); (b) Control effort of 
right twisted string actuator (sine); (c) Control effort of left twisted string actuator 
(trapezoid);(d) Control effort of right twisted string actuator (trapezoid). 
 To compare the performance between PID-FC and LQR-FC controllers, Figure 4-22 
illustrates tracking and synchronization errors of three full-cycle movements of these two 
controllers. The arrows indicate the directions of displacements of string actuation. Both 
controllers demonstrate good repeatability of tracking outcomes. Although the 
synchronization errors are not significantly different, the LQR-FC demonstrates a better 
tracking performance with its smaller root mean-square error (RMSE). This can be due to the 
greater delay of PID-FC caused by the structure of different controllers. 
 From the previous sections, it is clear that the PID controller alone does not provide 
satisfactory tracking performance. To test disturbance rejection, only PID-FC and LQR-FC 
controllers were considered. In particular, disturbance rejection has been considered and 
integrated while synthesizing the LQR-FC controller. In this section, two types of disturbance 
were applied to the dual twisted-string actuation joint. They are: 1) a fixed 500 g loading, and 
2) a 500 g loading attached to the mechanism when the linear displacement of the string 
actuation is at a specific location. In this case, the displacement was at 40 mm. 
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Figure 4-22 Comparison of tracking and synchronization errors of PID-FC and 
LQR-FC controllers. 
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Figure 4-23 Tracking and Synchronization performance of LQR controller with 500g 
fixed loading and periodic loading. 
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Figure 4-24 Comparison of tracking and synchronization errors of PID-FC and 
LQR-FC controlled results with 500g fixed loading and periodic loading. 
Figure 4-23 illustrates the experimental results of the controllers with a fixed 500 g, or 4.91 
N, loading attached to the joint on the left actuator while moving, and a 500 g loading 
attached to the left actuator when the displacement of the string actuation is 40 mm. From the 
experimental results, the tracking errors of the individual axes were affected slightly. There is 
no significant difference of tracking and synchronization performance between LQR-FC and 
PID-FC controllers. However, the PID-FC does have a longer time delay which yields greater 
tracking error. This error can be as large as 12 mm on one side. And the disturbance caused 
by the attached mass at a specific location does not generate a clear impact on the movement. 
Figure 4-24 demonstrates the position based errors of both controllers for a complete cycle. 
In this figure, it is clear that LQR-FC can have a better tracking performance which also 
results in a slightly better synchronization performance due to its smaller time delay when a 
fixed loading or periodic loading are attached. Synchronization errors started to increase as a 
500g loading was attached at a specific displacement for both LQR-FC and PID-FC 
controllers. Such errors became smaller as the 500 g was removed from this specific location. 
 From the experimental results, the LQR-FC demonstrates a smaller deviation from the 
desired trajectories for both types of disturbances. With the current setup, both tracking and 
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synchronization performance can be guaranteed regardless of the load disturbances as tested 
here. Table 4-3 lists the performance of both controllers under two different scenarios. 
Table 4-3 Time delay of the three controllers of sinusoidal motion. 
 Delay (sec) 
PID without cross 
coupling 
0.37 (L) 
0.37 (R) 
PID-FC 
0.14 (L) 
0.28 (R) 
LQR-FC 
0.08 (L) 
0.02 (R) 
 
Table 4-4 Comparison of the disturbance rejection between PID-FC and LQR-FC 
Controllers with a 500g loading. 
 
Maximum 
tracking error 
(mm) 
Maximum 
synchronization error 
(mm) 
PID-FC with a fixed 500g 
loading 
11.55(L) 
1.23 
12.56(R) 
PID-FC with a 500g 
loading attached at 40 mm 
12.07(L) 
2.79 
13.01(R) 
LQR-FC with a fixed 
500g loading 
4.32(L) 
3.87 
5.01(R) 
LQR-FC with a 500g 
loading attached at 40 mm 
4.02(L) 6.12 
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4.5 Summary 
 To precisely compensate for the tracking performance of a single axial system, both PID 
and LQR algorithms can generate satisfactory results. However, the controlled results can be 
fairly inaccurate if the cross-coupled relationships between individual actuators are not 
carefully compensated for a multi-axial system. This paper demonstrates two effective 
approaches to eliminate the deviation caused by such a relationship. With the consideration of 
cross-coupling dynamics, the proposed PID-FC and LQR-FC controllers can greatly reduce 
the synchronization errors between the two axes. If the delay is especially pernicious in the 
system, the PID-FC controller cannot satisfy the requirements for tracking performance of a 
twisted-string actuation system. Thus, the LQR-FC controller can provide a more adequate 
performance for both tracking and synchronization. 
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CHAPTER 5: ARC control synthesis of the twisted string actuation 
5.1 Nonlinearity of the Twisted String Actuation 
Twisted string actuation has the advantages of compact size, flexible mechanism, and 
light weight at locations where actuations are required. However, though twisted-string 
actuation has a lot of advantages, its unique properties of nonlinearity including hysteresis, 
friction, operational dead-zone, and poor repeatability can deteriorate the desired control 
performance. Improper control methods without consideration of nonlinearities can lead to 
limit cycles or instability. 
Nonlinearity in the field of engineering technology and the natural world is a very 
common phenomenon. With the development of modern control technology and theories, 
researchers focus on the understanding dynamic behaviors and designing different 
compensator for specific nonlinear systems. For the proposed robotic system, the major 
nonlinearities is the dead-zones of adopted DC motors, friction, and other nonlinear factors. 
For instance, pulse width modulation (PWM) actuators are adopted to drive DC voltage 
across their armatures. The relation between motor speed and duty cycle of PWM is not 
linear, which can add more nonlinearity to the system. The friction between strands is 
generated by twisting and untwisting the cable. Such kind of friction between strands also 
adds additional nonlinearity to the system. With the above analysis, the twisted string 
actuation cannot be assumed to be linear system.  Linear controller cannot properly deal 
with the uncertainty in parameter and nonlinear factors of the system. Without compensating 
for these nonlinear factors, the controlled precision of the robotic system cannot always be 
guaranteed. In order to control this nonlinear system, an adaptive robust controller was 
applied to twisted string actuator. To ensure the transient and tracking performance of the 
system, the projection type parameters adaption mechanism and robust control term are 
employed here to both improve the performance and stability of the system.   
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5.2 Synthesis of Non-linear Controller –ARC (Displacement control) 
The bi-directional movement of the antagonistic twisted-strings system proposed in this 
study relies on the coupled twisting/untwisting motion of individual actuators. The tracking 
accuracy of separate actuators also affect the synchronization performance of the both 
actuators, which means that the adopted controller needs to respond to both tracking and 
synchronization errors simultaneously. To deal with both nonlinear factors and 
synchronization between individual actuators, adaptive robust control (ARC) was adopted for 
such a motion system. The structure of ARC controller used for multi-axial systems has been 
proposed by Cheng et al [36, 37, 86]. With this framework, a multi-axial motion system can 
achieve excellent tracking and synchronization performance in normal working conditions. 
However, the previous work only demonstrates the adaption of varying parameters, some 
nonlinear phenomena are not fully discussed. This study proposes an approach to compensate 
for an important nonlinear issue: the dead-zone effect near zero-velocity. To deal with the 
tracking errors of stick-slip motion phenomenon caused by dead-zone, an adaptive robust 
control algorithm with the consideration of dead-zone effect is studied. Additional adaption 
mechanisms are added to the ARC structure to provide accurate tracking and synchronization. 
With all these considerations, the dynamics of a twisted-string actuated joint can be described 
by: 
,1
,1 2
,2 ,2 ,
 
( ( ) ( ))
( ) ( ( ))
i
i
v t t
i i i i f
i i
x d
x x
B R K K
x x w t F t
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w t D u t

 


   

 (5-1) 
where i denotes the ith axis, xi,1 represents the linear displacements of a twisted-string actuator, 
ui(t) is the voltage control command with the compensation of dead-zone phenomenon, wi(t) 
denotes the consideration of both dead-zone behavior and the control command to motor, 
Fi,f(t) is bounded input disturbance due to the change in the angle of the joint as a function of 
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time and static friction of the twisted-strings. The dead zone D(ui(t)), as shown in Figure 
5-1(a), can be represented as follows: 
( ( ) ), if ( )
( ) ( ( ))= 0,             if ( )
( ( ) ),  if ( )
i r i r
i i l i r
i l i l
u t b u t b
w t D u t b u t b
u t b u t b


 

  
  
 (5-2) 
5.2.1 Dead-Zone Compensation 
To compensate the dead-zone phenomenon, two assumptions were made.  
Assumption 1: The dead-zone has the same slopes in both positive and negative 
directions of the horizontal axis. 
Assumption 2: Though the function of dead-zone wi(t) can be obtained, the dead-zone 
parameters ϑ, br, and bl are bounded within known regions, which are ϑ∈ [ϑ min, ϑ max], br ∈ 
[brmin, brmax], bl ∈ [blmin, blmax] with ϑ > 0, br > 0, bl < 0. 
Thus, Eq. (5-2) can be re-defined as: 
( ) ( ( )) ( ) ( ( ))i i i iw t D u t u t u t     
 
Figure 5-1 (a) Model of a dead-zone required to initialize a motor and (b) the inverse 
function of the dead-zone. 
where δ(ui(t)) is a function further defined as: 
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 (5-3) 
 To compensate for the dead-zones of individual motors, one simple rule of non-linearity 
needs to be integrated into the controller. If the voltage applied to a motor is smaller than a 
threshold, the motor cannot be started. To implement an anti-dead-zone controller, an inverse 
function of dead-zone is used. The output of the dead-zone inverse function, as shown in 
Figure 5-1(b), v(t) = DI(wi(t)) can be defined as 
   
( ) ( )
( ( )) ( ) ( )i r i lI i i i
u t b u t b
D w t u t u t 
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  , (5-4) 
where the functions ψ+ and ψ- are defined as 
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.   (5-6) 
 Thus, the inverse function of dead-zone can be added back to Eq. (5-1) if the range of 
dead-zone is identified. The equation can be modified as 
,1 ,2
,2 ,2 ,( ( ( )) ( ))
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
.     (5-7) 
Thus, the dead-zone phenomenon can be compensated with the inverse-functions. 
However, though the behavior of a dead-zone due to friction can be anticipated, the range of 
a dead-zone can only be estimated based on corresponding parameters, such as static friction 
and ratio between the revolutions of driving motor and the change of extension/contraction. 
The unstructured uncertainties of the twisted-string can still be the main obstacle of 
synthesizing an accurate tracking controller. Thus, an adaptive robust control algorithm 
(ARC) with considerations of dead-zone effect, bounded nonlinearity, and cross-coupling 
dynamics is proposed. Based on Eq. (5-2) and (5-4), the state-space representation of such a 
system becomes 
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    (5-8) 
where the coefficients ξi,1 = ϑJR/(Kt ρ), ξi,2 = ϑ(BvR+Kt)/(Kt ρ), ξi,3 = ϑbr, ξi,4 = ϑbl, and ξi,5 = 
ϑFi,f (t) are all unknown but can be bounded for individual twisted-string systems. The 
bounded regions of these five coefficients can be defined by ξi,j ξi,jmin, ξi,jmax Since the 
two actuators of a single joint are physically connected with each other, linear displacement 
of one motor is affected by the actuated motion of the other cable, or cross-coupled.  
In order to precisely control the rotational movement of a joint and to synchronize the 
linear motions of cables on both sides, cross-coupled dynamics becomes an important issue 
while designing controllers. In particular, the relationship between the revolution of motor 
shafts and the variation of linear displacement Δd of the two cables cannot be the same while 
one is extending and the other one is contracting. Thus, as one motor starts to twist a cable, 
the other one must untwist at a different rate. Poor synchronization can yield vibration of the 
joint. With this consideration, it is necessary to carefully plan the rotational movements of 
both motors according to desired angular trajectories of the joint. Controller with inadequate 
synchronizing scheme between the two twisted-string actuators can yield the whole system 
being unstable. It has been proved that both tracking and synchronization errors can be decay 
to the error of a multi-axial system can be decayed to zero if the cross-coupled relationship is 
feedback to the controllers of individual axes. With adaptive robust control algorithm and 
backstepping procedures, Cheng et al. [6] have demonstrated the feasibility and excellent 
performance of an ARC controller for compensating a multi-axis system. The control law of 
such a controller is 
, , +i i i p i i s sZ e K e K e   
   (5-9) 
where ei is the tracking error, Ki,p is the feedback gain, es is the synchronization error, Ki,s is 
the synchronization gain. Both Ki,p and Ki,s are greater than 0. This implies that making Zi 
converging to 0 is equivalent to making both ei and es converging to 0. Thus, the objective of 
the controller design is to make Zi as small as possible. Since the ξi,3 and ξi,4 exchange with 
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each other when the control signal ui(t) change from negative to positive, two controllers then 
can be employed, each of which provides satisfactory control with ξi,3 and ξi,4, respectively. 
By differentiating Zi with respect to time, we have  
,1 ,1 , ,
,2
,1 ,2 ,3 ,5 , ,
,1 ,1
 
1
     = + ( ( ) )
i i d i i p i i s s
i
i d i i i i i p i i s s
i i
Z x x K e K e
x x u t K e K e

 
 

   
    
. (5-10) 
 The control input ui(t) can then be defined  
,1 ,1 ,2 ,2 ,3 ,5 ,1 , ,1 ,( ) +i i i i i d i i i i i i p i i i s su t K Z x x K e K e              (5-11) 
where Ki is always greater than 0. This control input guarantees that ei and es approach to 
zero asymptotically by canceling the parameters and uncertain nonlinearity and anticipating 
the nature of the desired signal. However, it should be noted that the controller requires 
explicit knowledge of the parameters of the system according to Eq. (5-11). Therefore, the 
proposed desired ARC laws have the same form as Eq. (5-11) but with the estimation of 
parameters. That is: 
, ,1 ,1 ,2 ,2 ,3 ,5 ,1 , ,1 ,
ˆ ˆ ˆ( ) + +ˆ ˆ ˆi a i i i i d i i i i i i p i i i s su t K Z x x K e K e             (5-12) 
where ,
ˆ
i j  are the five time-varying parameters on the i
th axis that are the estimations of the 
real parameters ξi, j. Substituting ui,a(t) in Eq. (5-12) into (5-13), it becomes 
,2 ,2 ,2 ,3 ,3 ,5 ,5
,1
,1 ,1 , , ,1
1
[ ( )ˆ ˆ( ) ( )
( )( + ]ˆ )
ˆ
i i i i i i i i i i
i
i i i p i i s s i d
Z K Z x
K e K e x
     

 

       
  
.   (5-13) 
To verify the stability of the proposed controller, a Lyapunov function Vi,a can be 
defined as 
2 2 2 2 2
, ,1 ,1 ,2 ,3 ,5
,1 ,2 ,3 ,3
1 1 1 1 1
 ( + + + )
2
i a i i i i i i
i i i i
V Z
  
    

   (5-14) 
where 
, , ,
ˆ-i j i j i j  
represent the estimation errors of the corresponding parameters. λi,1, λi,2, 
λi,3 and λi,5 are positive constants used to evaluate the selected Lyapunov function. Since the 
ξi,1 is positive in the twisted-string system, Vi,a is always positive definite. The derivative of 
this Lyapunov function with respect to time becomes 
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, ,1 ,2 ,3 ,5 ,1
,1
,1 , , ,1 ,2 ,2 ,3 ,5
,1 ,1 ,2 ,2 ,3 ,3 ,5 ,5
,1 ,2 ,3 ,5
1
 ( , , , , ) [ (
( + ) )]
1 1 1 1
+ + + )
i a i i i i i i i i i
i
i i p i i s s i d i i i i
i i i i i i i i
i i i i
V Z Z K Z
K e K e x x
    

   
       
   

  
    
.   (5-15) 
The adaptation learning mechanisms for adjusting the parameters through the 
adaptation gainsλi,1, λi,2, λi,3 and λi,5 and the past information , which need to be designed to 
guarantee the derivation of the Lyapunov function defined above. That is  
,1 ,1 ,1 , ,
,2 ,2 ,2 ,3 ,3
,5 ,5
( ),
,
i i i i d i p i i s s
i i i i i i i
i i i
Z x K e K e
Z x Z
Z

  



   
  
 
.   (5-16) 
Substituting Equ. (4-16) into (4-15), the time derivative of Vi,a becomes 
2
,i a i iV K Z

  . 
  (5-17) 
Since Ki is positive, the time derivative of Vi,a is negative definite. With Barbalat's 
lemma, ei, and es can always decay to zero asymptotically as time approaches infinite. 
5.2.2 Nonlinearity and Uncertainty structure compensation 
The adaptive control mechanism compensates the unknown parameters and structured 
uncertainties. However, the controller proposed does not take consideration of the 
unstructured uncertainties but just processes of the adjustable parameters. As the result, even 
a small disturbance may lead the adaptive process to instability and large transient tracking 
error. The deterministic robust control (DRC) with the projection of parameter adaptation has 
also been investigated by some researchers to attenuate the effect of unstructured 
uncertainties and improve the transient performance [14], [15]. The ARC controller can be 
given by 
, , ( ) ( ) ( )i i a i su t u t u t  . 
   
(5-18) 
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In Eq. (5-18), ui,a(t) is generated by the adaptive control law governed by Eq. (5-12), and ui,s(t) 
is compensated by the robust control law to stabilize the system. Substituting Eq. (5-18) into 
(5-13), it becomes 
, ,1 ,1 ,1 , ,
,1
,2 ,2 ,2 ,3 ,3 ,5 ,5
ˆ1 ( )( )
( ) ( ) ( )ˆ ˆ ˆ
i i i i s i i i d i p i i s s
i
i i i i i i i
Z K Z u x K e K e
x
 

     

      

     

.  (5-19) 
For the deterministic robust control, the robust term ui,s(t) should be any continuous 
function which satisfies the following conditions: 
(1)
, 1, ,1 , , ,2 ,2 ,3 ,5( + )i i s i i d i p i i s avg i i i i iZ u x K e K e x              
(2) , 0i i sZ u   
 (5-20) 
where εi is a positive design parameter that can be set arbitrarily small. Furthermore, the 
Lyapunov function can be defined as following 
2
, ,1
1
 
2
i s i iV Z .  (5-21) 
The derivative of the Vi,s becomes 
2
, , 1, ,1 , , ,2 ,2 ,3 ,5( + )i s i i i i s i i d i p i i s s i i i iV K Z Z u x K e K e x   

            . 
  (5-22) 
From the conditions in Eq. (5-20), the derivative of the Vi,s satisfies  
2
, ,
,1
 2 ii s i i i i s i
i
K
V K Z V



      . (5-23) 
The following inequality then can be derived by integrating Eq. (5-23). That is 
, ,
0
,1max ,1max
2 2 ( )
 ( ) exp (0) exp
t
i i
i s i s i
i i
K t K t v
V t V dv
 

     
        
   
  (5-24) 
where t is time variant, ξi,1max is the upper bound of ξi,1. According to Bellman-Gronwall, the 
positive definite Vi,s is bounded by 
,1max
, ,
,1max ,1max
2 2
 ( ) exp (0) 1 exp
2
i ii i
i s i s
i i i
K t K t
V t V
K

 
      
         
     
.   (5-25) 
Based the relationship between Zi and ei, ei is bounded by 
   , ,
,
 ( ) exp (0) 1 expii i p i i p
i p
Z
e t K t e K t
K
       
. 
  (5-26) 
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From the above inequality, the tracking error of twisted-string system exponentially 
approaches to a ball with converging rate Ki,p. Within a finite duration, the asymptotic output 
tracking is achieved. The controller ui,s(t) satisfying Equ. (5-20) can be designed by using the 
method of completion of square, which is 
,i s iu hZ .   (5-27) 
Substituting Eq. (5-27) into (5-20), the inequality becomes 
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    
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
 
       
2 2 2 2
,1 ,1 , , ,2 ,2 ,3 ,5( )
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i i d i p i i s avg i i i i
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x K e K e x
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   

       

+
 
 
(5-28) 
One example of h satisfying the Equ. (4-28) can be found in the following way, which is 
       
2 2 2 22
,1 ,1 , , ,2 ,3 ,5
1 2 3 4
i m i d i p i i s avg i m i i m i m
x K e K e x
h
   
        
    ,  (5-29) 
where εi = ε1 + ε2 + ε3 + ε4 is a design parameters of the ith twisted-string actuator, 
ξi,1m=ξi,1max  ξi,1min, ξi,2m = ξi,2max  ξi,2min, ξi,3m = ξi,3max  ξi,3min  and ξi,5m = ξi,5max  ξi,5min  
are the known bounded ranges for the unknown parameters. To ensure all parameters are 
always bounded in the adjusting process, a simple discontinuous projection type adaption 
mechanism is employed here and thus does not affect the closed-loop system stability, which 
is  
. 
  (5-30) 
Eventually, the ARC control can be obtained as follows 
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,1 ,1 , ,s ,2 ,2 ,3 ,5
ˆ( ) ( ˆ ˆ+ ) ˆsi i i i i d i p i i i i i iu t hZ KZ x K e K e x   
 
        .   (5-31) 
Similarly, the same design process can be adopted when the ui(t) is positive. This ARC 
controller combing two controllers for different ui(t), both positive and negative. By taking 
the advantage of both adaptive and robust control commands, system stability and asymptotic 
tracking performance can be ensured.  
Figure 5-2 and 5-3 demonstrate the experimental results of tracking performance for both 
sinusoidal and trapezoidal motions. It is clear that the ARC controller can improve both the 
transient and steady-state tracking performance over that of the LQR-FC and PID-FC 
controllers. From the Figure 5-5 and 5-6, it is clear that the ARC approach can significantly 
reduce the tracking error when comparing to LQR-FC and ARC. With the ARC approach, the 
synchronization performance can be improved as well. It can be observed that the maximum 
synchronization error can be restricted to within 1 mm, which is better than LQR-FC and 
PID-FC controller.  
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Figure 5-2 Experimental outcome of ARC controller (sinusoidal motion): (a) 
comparison between reference trajectory and actual trajectories of left actuator; (b) 
comparison between reference trajectory and actual trajectories of right actuator; (c) 
synchronization errors between left and right actuators. 
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Figure 5-3 Experimental outcome of LQR-FC controller (trapezoidal motion): (a) 
comparison between reference trajectory and actual trajectories of left actuator; (b) 
comparison between reference trajectory and actual trajectories of right actuator; (c) 
synchronization errors between left and right actuators. 
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Figure 5-4 (a) Control effort of twisted string actuator (sine); (b) Control effort of 
twisted string actuator (trapezoid). 
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Figure 5-5 Comparison of tracking and synchronization errors of PID-FC and LQR-FC 
controllers. 
Table 5-1 Comparison of performance of the three controllers of sinusoidal motion. 
 
Maximum 
tracking error 
(mm) 
Maximum 
synchronization 
error (mm) 
PID-FC 
17.95(L) 
3.18 
20.05(R) 
LQR-FC  
3.40 (L) 
2.85 
3.35 (L) 
ARC 
1.02(L) 
0.6 
1.419(R) 
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Figure 5-6 Comparison of tracking and synchronization errors of ARC and LQR-FC 
controllers. 
In this study, three different types of the controller have been studied. The experimental 
validation has been used to investigate the performance of each controller. The performance 
of LQR-FC and PID-FC was first compared. An ARC controller was then compared with 
LQR-FC. With the experimental results, the following conclusions can be drawn from the 
above Figures and Table: 
1. All three controllers, PID-FC, LQR-FC, and ARC can reduce synchronization 
errors in the process of bi-direction movements, while conventional PID controller 
is possibly resulting in joint shifting.  
2. The tracking and synchronization errors of both PID-FC and LQR-FC controller 
reach their maximum value when the joint begins to change motion direction. The 
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largest overshoot produced by PID-FC is due to the fact that low gain is adopted 
and integrator makes the control effort arrive at the maximum when the joint 
changes its direction of motion. This indicates that the control effort needs to be 
small enough at this time.  
3. The LQR-FC has better disturbance rejection ability than PID-FC with the 
incorporation of a feedforward controller.  
4. The ARC shows the best tracking and synchronization performance among three 
controllers. The projection mapping can be used to keep the parameters within a 
known bounded convex set, which ensures the robustness of this controller. 
 5.3 Synthesis of Non-linear Controller –ARC (Force control) 
 The safety consideration is of great importance for rehabilitation robot, which must 
interact with the patients’ body. In an attempt to ensure the safety of users, several critical 
aspects need to be considered, such as active force and corresponding displacement generated 
by the robot. The aims of the rehabilitation robot discussed in this study are to provide active 
force and produce movement of the upper-extremity. Therefore, the displacement control is 
not enough to ensure the safety of the rehabilitation robot. Along with the strands twist, the 
inner friction of the twisted string keeps increasing, which means producing the same stroke 
required twisted string actuator generating more force than beginning. When the stroke of the 
actuator reaches the upper limit, the force to reduce the error between the desired and actual 
trajectories could be very larger even if the error is minor. The minor error between the 
desired and actual trajectories is not so important when patients do rehabilitation with the 
help of the robot, however at the same time the large force would hurt the patients. Therefore, 
it is necessary to incorporate the force control strategy into the displacement control strategy. 
The force control strategy not only limits the force output of the actuator but also increases or 
decreases the force directly once the external load is increasing or decreasing. In this section 
we first develop and validate the performance of the ARC controller (force) based the test 
platform described in last chapter, Figure 3-3. The free-body diagram for the load is shown in 
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Figure 5-7. The equation of motion of the mass m is： 
Lmx F mg F f      (5-32) 
where m is the mass of the load, F is the tensile force generated by the twisted-string actuator, 
x is the displacement of the load, FL is the external force generated by the spring, which can 
be measured by the force sensor, f is the friction among strands, Δ  is unstructured 
uncertainties of the model. Based on the equation (3-29), we can rewrite the equation of 
motion (5-32) as follows: 
1( )
l
Lmx mg F f
K x

       (5-33) 
 
Figure 5-7 Free-body diagram for the load. 
where τL is the torque generated by the DC motor, which is equal:  
l tK I   (5-34) 
where Kt is the torque constant of the DC motor, I is the armature current of the DC motor. 
Based on (5-33) and (5-34), we can build the dynamic model of the twisted string actuation 
system in a state-space form as follows: 
1 2
2
1
1
( )
( )
l
L
x x
x mg F f
m K x


    
 (5-35) 
where x=[ 1x  2x ]
T = [ x  x ] is the system state. In the traditional velocity and position control 
design considering only the mechanical dynamics with inertial load but ignoring the electrical 
dynamics. With the aim of high tracking performance, it is required to consider the electrical 
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system and the connection between the electrical system and mechanical systems. The 
connection between the electrical system and mechanical systems is shown in the Figure 5-8. 
Electrical Subsystem 
Dynamics
Algebraic Torque 
Coupling
Twisted string 
actuation
Mechanical 
Subsystem Dynamics
Input
Voltage
Current Torque Force
Output
Position
Electrical 
Dynamics
Mechanical
Dynamics
 
Figure 5-8 Block Diagram for Twisted String Actuation. 
 From the Figure 5-8, it is obvious that the control input voltage doesn’t directly influence 
the displacement of the load. To cope with this, the concept of backstepping [87] can be 
employed to deal with the first equation in Eq. (5-35) not including the control input. We can 
rewrite the state-space model by integrating the electrical subsystem as follows:  
1 2
2
1
1
( )
( )
t
L
b
x x
K I
x mg F f
m K x
LI u RI K



     
  
 (5-36) 
where L is the constant rotor inductance, R is the constant rotor resistance, Kb is the constant 
back-emf coefficient,   is the speed of DC motor and u is the input control voltage.  
5.3.1 Adaptive Robust Controller (Force) Design 
 Define a switch function, which is original from sliding mode control, as: 
    1Z e k e  , 1 1de x x   (5-37) 
where e is the error between desired trajectory and the actual trajectory of external load’s 
displacement, k1 positive feedback gain. The transfer function from Z to e is: 
    
1
1
( ) ( )E s Z s
s k


 (5-38) 
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 Since the Z(s) is linear system and k1 is positive, the e(t) will be converging zero if the Z(t) 
converges to zero. Then the ( )e t  will be converging to zero if the Z(t) and e(t) are 
converging to zero. View the state variable I as an independent virtual “input”. The first step 
of the controller design is to ensure this virtual “input” can both stabilize the second equation 
in Eq. (5-36) and let the Z(t) eventually go to zero, which guarantees that the tacking error e(t) 
converges to zero. Differentiating Z with respect to time leads to       
    1 1 1dZ x x k e    (5-39) 
 By combing the second equation in Eq. (5-36), we have 
    1 1
1
1
( )
( )
t
d L
K I
Z x mg F f k e
m K x
         (5-40) 
 Rewrite Eq. (5-40) as: 
    
1 1 1 1
1 1
( ) ( ) ( )( + + - ) ( )
( )Ld
t t t t
K x m K x m K x mg F f K x m
Z x I k e
K K K K
        (5-41) 
 Substitute Eq. (3-29) into Eq. (5-41):   
    
1 1
1 1
1
1
( ) ( )
( )( + + - ) ( )
( )
x x
d
t t
x x
L
t t
e m e m
Z x
K K
e mg F f e m
I k e
K K
 
 
   
   
 
 
 
 
  
 
 (5-42) 
 Rewrite Eq. (5-42) as: 
    1
( )p x Z I W θ
 (5-43) 
where W=
1
1
1 1 1 1
1
[ ( ) ( ) ]
x
x
d d
t t t t
m m e
x k e g e x k e g
K K K K



    ,
[ ( ) ( ) ]TL LF f F f       θ , 1( )p x =
1( )
x
t
a be m
K

. 
 The adaptive robust control mechanism compensates the unknown parameters and 
structured uncertainties by adjusting parameters online. However, even a small disturbance 
may lead the parameters adaptive process to instability and large transient tracking error. By 
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integrating the essence of the deterministic robust control (DRC) the adaptive robust 
controller can attenuate the effect of unstructured uncertainties and improve the transient 
performance. Therefore, the desired virtual input I can be given by： 
    
1 2
a s
s s S
I I I
I I I
 
 
 (5-44) 
where Ia is adjustable feedforward controller used to compensate the model by parameter 
adaption, Is is the robust controller in which Is1 is linear feedback to stabilize the nominal 
model of the twisted string actuation and Is2 is used to attenuate the parameter estimation 
error and nonlinear terms of the model. In the Eq. (5-43) the vectorθ are all unknown 
parameters that need to be estimated. Therefore, the vector θ  will be replaced by the θˆ , 
the estimated value of the vector θ , in the controller. Since the 1( )K x  and Kt are positive 
function and constants, the Lyapunov candidate functions can be defined as following: 
    2
1
1 1
( ) +
2 2
V p x Z Tθ θ  (5-45) 
where θ is the difference between the real value of the vector θ  and θˆ , the estimated 
value of the vector. Taking the derivative of Eq. (5-45) gives:  
    2
1 1
1
( ) ( )
2
V p x Z p x ZZ  T+θ θ  (5-46) 
Since the ˆθ = θ -θ  and θ  is constant, we have 
    2
1 1
1 ˆ( ) ( )
2
V p x Z p x ZZ   Tθ θ  (5-47) 
Substituting Eq. (5-43) into Eq. (5-47) gives:  
    2
1
1 ˆ( ) ( )
2
V p x Z Z I    TW θ θ θ  (5-48) 
 Since the Ia is adjustable feedforward controller used to compensate the model by 
parameter adaption, the Ia is: 
    
1
1ˆ ( )
2
aI p x Z W θ  (5-49) 
 Letting
1sI KZ , we get  
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2 ˆV KZ Z    TWθ θ θ  (5-50) 
where K is a positive feedback gain. In order to ensure the stability of the system, the 
derivative of V should be less or equal to zero by letting 
    ˆ=0Z 
T
Wθ θ θ  (5-51) 
Solving the Eq. (5-51) gives: 
    ˆ= Z
Tθ W  (5-52) 
where θˆ =
1 2 3 4
ˆ ˆ ˆ ˆ    
  
. Therefore the adaptation mechanisms for adjusting parameters 
are: 
    
1ˆ = 1 1( )d
t
m
x k e g Z
K
  , 
2ˆ = 
1
1 1( )
cx
d
t
m
e x k e g Z
K
   , 3
1ˆ
t
Z
K
  ,
1
4
ˆ
cx
t
e
Z
K


  
(5-53) 
 Assuming the error between the actual virtual input and the desired virtual input is 
    
2 de I I   (5-54) 
where the I is the actual virtual input, Id is the desired virtual input. 
 Substituting Eq. (5-54) into Eq. (5-43) gives 
    1 2( ) ( )dp x Z e I  Wθ  (5-55) 
 Substituting Eq. (5-49) into Eq. (5-55) gives 
    
1 2 1 2
1ˆ( ) ( ( ) + + )
2
Sp x Z e p x Z KZ I   W θ W θ  (5-56) 
 Rewriting Eq. (5-56) as: 
    
1 2 1 2
1
( ) ( )
2
Sp x Z e p x Z KZ I     W θ  (5-57) 
 For the deterministic robust control, the robust term Is2 should be any continuous 
function which satisfies the following conditions: 
    2
2
(1) ( )
(2) 0
S
SZ
Z I
I
 

W θ
 (5-58) 
where ε is a positive design parameter that can be set arbitrarily small. Furthermore, the 
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Lyapunov function can be defined as following: 
    2
1
1
( )
2
sV p x Z  (5-59) 
 The derivative of the Vs becomes 
    2
1 1
1
( ) ( )
2
sV p x Z p x ZZ   (5-60) 
 One example of Is2 satisfying the (5-58) is  
    
2
2
( )
( ) msI t Z


Wθ
 (5-61) 
where θm=θmax-θmin, θmax is the upper limit of the θ, and θmin is the lower limit of the θ. 
 Substituting Eq. (4-26) and Eq.(4-30) into Eq. (4-29) gives 
    2
2
2 ( )
( )m
sV Ze KZ Z Z

    W
Wθ
θ  (5-62) 
 From the definition of the θm, the derivative of the Vs satisfies  
     2
2 | || | )
| |
| (1 | mmsV Ze KZ ZZ

    
Wθ
Wθ  (5-63) 
 Case 1: if || || mZ Wθ  then 
2
2
| | | |
| | | | | |
| 1 (1 | ) 0 | (1 || | ) 0m mm
s
m Z
V Ze KZ
Z Z Z
  
      
   
Wθ Wθ Wθ
Wθ
 (5-64) 
 Case 2: if || || mZ Wθ  then 
2
2
| | | | | |
| 1 0 (1 | ) 1 | (1 | )| | | | | || | | |m m m m
s
mZ Z
V Ze KZ
Z Z Z
 


  
       
 
Wθ Wθ Wθ
Wθ Wθ
 (5-65) 
 In the first case, assuming e2=0 the inequality (5-64) then becomes 
    
2
1
2
( )
s s
K
V KZ V
p x
     (5-66) 
 The following inequality then can be derived by integrating (5-66)  
    
1 max
2
( ) exp( ) (0)
( )
s s
Kt
V t V
p x

  (5-67) 
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where t is time variant, 1 max( )p x is the upper bound of 1( )p x . According to 
Bellman-Gronwall [88], the positive definite Vs is bounded by 
    
1 max
2
( ) exp( ) (0)
( )
s s
Kt
V t V
p x

  (5-68) 
Based the relationship between Z and e, e is bounded by 
    ( ) exp( ) (0)e t kt e    (5-69) 
In the second case, assuming the e2=0 the inequality (5-65) then becomes 
     
2
1
2
( )
s s
K
V KZ V
p x
        (5-70) 
 The following inequality then can be derived by integrating (5-70). That is 
    
0
1 1max max
2 2 ( )
( ) exp( ) (0) exp
( ) ( )
t
s s
Kt K t v
V t V dv
p x p x

   
    
 
  (5-71) 
where t is time variant, 1 max( )p x is the upper bound of 1( )p x . According to 
Bellman-Gronwall,  the positive definite Vs is bounded by 
    1 max
1 1max max
( )2 2
( ) exp( ) (0) [1 exp( )]
( ) 2 ( )
s s
p xKt Kt
V t V
p x K p x
 
    (5-72) 
 Based the relationship between Z and e, e is bounded by 
    
1 1
1
( ) exp( ) (0) [1 exp( )]
Z
e t k t e k t
k
       (5-73) 
 From the above inequalities, the tracking error of twisted-string system exponentially 
approaches to a ball with converging rate k1. Within a finite duration, the asymptotic output 
tracking is achieved. If we know the error between the actual virtual input and desired virtual 
input goes to zero, we can stabilize the e. Therefore, the next objective of the controller 
design is to ensure the e2 approaches to zero. Taking the derivative of the e2 gives 
    2 de I I   (5-74) 
 Substituting the third equation in Eq. (5-36) into Eq. (5-74) gives 
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    2
b
d
u RI K
e I
L
 
   (5-75) 
 Since Id is designed as Id= Ia +Is1+ Is2, then 
    
1 2
1 2
1 1 2
=
1ˆ( ( ) )
2
1 1ˆ ( ) ( )
2 2
d a s s
s
s
I I I I
d
p x Z KZ I
dt
p x Z p x Z KZ I
 
   
    
W θ
W θ
 
(5-76) 
 Rewrite Eq. (5-75) as: 
    2Le u  1 1W θ  (5-77) 
where [ ]dI I1W , [ ]bR k L
T
1θ . 
 Using the same design procedure as in the above, the input u also can be given by： 
    
1 2
a s
s s S
u u u
u u u
 
 
 (5-78) 
where ua is adjustable feedforward controller used to compensate the model by parameter 
adaption, us is the robust controller in which us1 is linear feedback to stabilize the system and 
us2 is used to attenuate the parameter estimation error and nonlinear term of the model. In the 
Eq. (4-39) the vector 1θ are all unknown parameters that need to be estimated. Therefore, the 
vector 1θ  will be replaced by the ˆ 1θ , the estimated value of the vector 1θ , in the controller. 
Design u as 2
2 2 1 1
1
+
2 2
L
V e Tθ θ , then 
    2 2 2 1 1
2 1 1
ˆ
ˆ( )
V Le e
e u
 
  
T
T
1 1
θ θ
W θ θ θ
 (5-79) 
 Since the ua is adjustable feedforward controller used to compensate the model by 
parameter adaption, the ua is: 
    ˆau  1 1W θ  (5-80) 
 Letting
1 1 2su K e  , we get  
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    2 2 1 2
ˆ( )V e K e   1 1 1 1W θ W θ ˆ
T
1 1-θ θ  (5-81) 
where K1 is a positive feedback gain. In order to ensure the stability of the system, the 
derivative of V2 should be less or equal to zero by letting 
    
2 1
ˆ =0e  T
1 1
Wθ θ θ  (5-82) 
 Solving the Eq. (5-82) gives: 
    
2
ˆ =- eT
1 1
θ W  (5-83) 
 Therefore the adaptation mechanisms for adjusting parameters are: 
    
11ˆ = 2Ie , 12ˆ = 2e , 13
ˆ
dI Z   (5-84) 
 Substituting Eq. (5-80) into Eq. (5-77) and adding the us2 gives 
    2 1 2 2+ sLe K e u   1 1Wθ  (5-85) 
 For the deterministic robust control, the robust term us2 should be any continuous 
function which satisfies the following conditions: 
    2 2 1
22
(1) ( + )
(2) 0
s
Se
e u
u


1 1W θ  (5-86) 
where ε1 is a positive design parameter that can be set arbitrarily small. Furthermore, the 
Lyapunov function can be defined as following: 
    2
1 2
2
s
L
V e  (5-87) 
 The derivative of the Vs1 becomes 
    1 2 2sV Le e  (5-88) 
 Substituting Eq. (5-85) into Eq. (5-88) gives 
    
2
1 1 2 2 2( + )s sV K e e u   1 1Wθ  (5-89) 
 One example of us2 satisfying the (5-86) is  
    
2
1 1
2 2
1
( )
( ) msu t e

 
Wθ
 (5-90) 
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where θ1m=θ1max-θ1min, θ1max is the upper limit of the θ1, and θ1min is the lower limit of the θ1. 
Substituting Eq. (5-90) into Eq. (5-89) gives 
    
2
1 1 2 2
2
1 1
2
1
( )
( )m
sV K e ee

   
1 1
Wθ
W θ  (5-91) 
 From the definition of the θ1m, the derivative of the Vs1 satisfies 
     
1 1
1 1 2
1
2
1 1 2 2
| |
| || || | )(1 mms eV K e e

   
Wθ
Wθ  (5-92) 
 Case 1: if 
1 12 1| ||| me Wθ  then 
1 1 1 1 1 1
2 2 2
2
1 1 2
2
1 1 1
| | | | | |
| 1 (1 | ) 0 | (1 | )| | | || 0|m m mm
s
e
K e
e e e
V
  
      
  
Wθ Wθ Wθ
Wθ
 (5-93) 
 Case 2: if 
1 12 1| ||| me Wθ  then 
1 2
1 1 1 1 1 1
2 2 2 1
1
1 2 2 1 1
1 1 1
| | | | | |
| 1 0 (1 | ) 1 || | (1 | ) | || | || | |
s
m m m
m me e
V K e
e e e
  

       
   
Wθ Wθ Wθ
Wθ Wθ
 
(5-94) 
 In the first case, the derivative of the Vs1 satisfies  
    2 1
1 1 2 12s s
K
V K e V
L
     (5-95) 
 The following inequality then can be derived by integrating (5-95). That is 
    11 1
max
2
( ) exp( ) (0)s s
K t
V t V
L

  (5-96) 
where t is time variant, 
max
L is the upper bound of L . According to Bellman-Gronwall, the 
positive definite Vs1 is bounded by 
    11
max
2
( ) exp( ) (0)s s
K t
V t V
L

  (5-97) 
Therefore, e2 is bounded by 
    2 1 2( ) exp( ) (0)e t K t e    (5-98) 
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 In the second case, the derivative of the Vs1 satisfies   
    2 1
1 1 2 1 1 12s s
K
V K e V
L
        (5-99) 
 The following inequality then can be derived by integrating (5-99). That is 
    1 11 1 1
0
max max
2 2 ( )
( ) exp( ) (0) exp( )
t
s s
K t K t v
V t V dv
L L

  
    (5-100) 
where t is time variant, 
max
L is the upper bound of L . According to Bellman-Gronwall, the 
positive definite Vs1 is bounded by 
    max1 1
1
1max max
2 2
( ) exp( ) (0) [1 exp( )]
2
s s
LK t K t
V t V
L K L
 
    (5-101) 
 Therefore e2 is bounded by 
    2 1 2 1
1
1
( ) exp( ) (0) [1 exp( )]e t K t e K t
K
       (5-102) 
 From the above inequalities, the tracking error of twisted-string system exponentially 
approaches to a ball with converging rate K1. Within a finite duration, the asymptotic output 
tracking is achieved. Furthermore, the control input u can be derived as following: 
    1 2 1 1 2
ˆ
su K e W u     (5-103) 
5.3.2 Simulation Results 
 In this section, we present simulation studies to illustrate the performance of the adaptive 
robust controller based on the force. The following parameters are used: the mass m of the 
load is 0.5 kg, the stiffness of the spring generating the external force is 4000 N/m, the 
armature resistant of R of the DC motor is 9.7 ohm, the inductance of the DC motor is 
0.0003H, the torque constant Kt of DC motor is 0.1186, and the Back EMF Constant Kb of DC 
motor is 0.0611. The desired trajectory is shown in Figure. 5-9. Figure. 5-10 shows the 
control results. It can be seen that the maximum tracking error is 0.12mm. As the controlling 
process continues the error between the desired and actual current is further reduced to about 
0.004 after t =2 s. The reason for this is that the adaptation mechanism can make the control 
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input reducing the error between the desired and actual current by estimating the unknown 
parameters.   
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Figure 5-9 Desired trajectory. 
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Figure 5-10 Simulation results of ARC (force) controller. 
5.3.3 Experimental Results 
 In this study, we use the experimental platform, shown in Figure 5-11, to test the tracking 
performance of the adaptive robust controller based on the force. The adaptive robust 
controller and data acquisition system are all implemented using Simulink and xPC target 
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toolbox. The sampling rate is chosen as 1 kHz. The controller parameters are designed by 
selecting k1=10, K=3, K1=7. According to the system properties, the mass m of the load is 0.5 
kg, the stiffness of the spring generating the external force is 4000 N/m, and the bounded 
unknown parameters are specified in Table 5-2. 
 
Figure 5-11 Configuration of experimental setup. 
 Table 5-2 Comparison of performance of the three controllers of sinusoidal motion. 
Parameter Lower bound Higher bound 
θ1 0.001 0.0015 
θ2 0.004465 0.006465 
θ3 0 3.788 
θ4 0 10.93 
R 8 12 
kb 0 0.5 
L 0 0.0003 
 To compare the performance, two types of control structures, ARC controller with 
displacement feedback and ARC controller with force feedback, are used to compensate for 
both tracking and synchronization with a sinusoidal trajectory. For such a sinusoidal motion, 
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the amplitude of the periodic displacement is 60 mm and the duration of each cycle is 12 
seconds. The experimental results of the ARC controller with displacement feedback and the 
ARC controller with force feedback proposed in this paper are demonstrated in Figure. 5-12. 
Fig 5-13 illustrates the comparison between actual current and desired current. From both 
Figures 5-12 and Fig 5-13, the maximal tracking error of the proposed controller is ~ 2 mm. 
It is clear that either tracking errors of desired trajectory or the difference between the desired 
virtual input and actual virtual input (armature current of the DC motor) asymptotically 
approaches to zero, which proves the feasibility of the proposed controller.  
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Figure 5-12 Tracking performance for the sine trajectory. 
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Figure 5-13 Comparison between actual current and desired current. 
 In this Chapter, an ARC control scheme with force feedback has been developed for a 
high accuracy twisted-string actuation system. Compared with the output controlled by ARC 
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controller with displacement feedback, the proposed approach demonstrates excellent results 
for tracking performance. 
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CHAPTER 6: Derivation of motion trajectories 
 Conventional stroke rehabilitation activities generally include intensive and repetitive 
range-of-motion exercises and require professional therapists to help patients complete the 
exercises sometimes and to assess patients’ progress. Therefore, for the purpose of 
self-rehabilitation, trajectories used in intensive and repetitive training activities play an 
important role in the rehabilitation process. It is, therefore, important to acquire patients’ arm 
motions and verify their outcome automatically and efficiently without the attendance of 
medical staff. To make such home-based rehabilitation activities possible, new technical 
developments of mobile technologies and video game industries have recently gained more 
interest. With these technologies, it is possible to monitor, or supervise patients to perform 
their programmed activities independently [89]. This is also one of the most important tasks 
of home rehabilitation. To provide effective rehabilitation, it is required to adopt movements 
of non-disabled people as templates of training trajectories. This chapter discusses how 
patients’ motion can be acquired. 
6.1 Development of motion derivation system 
6.1.1 Introduction of Kinect 
In this study, motion trajectories were acquired by a Microsoft Kinect sensor. The 
configuration of the Kinect is as shown in Figure. 6-1. The Skeletal Viewer application 
included in the Developer Toolkit (1.8.0) was modified to capture motion data from Kinect 
and save the raw data to digital storage [90]. The computer used for this motion capturing 
systems is a 64-bit Windows 8 system with a 3.50 GHz Intel core i5 CPU. 
A Kinect is composed of an RGB camera that captures a color image, an infrared (IR) 
emitter and an IR depth sensor. The IR emitter emits infrared light beams to objects. The IR 
depth sensor can then read the infrared signal back from the objects. Once received by the IR 
receiver, the reflected infrared signals are converted into the information of distance between 
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object surfaces and the sensor. The tilt motor in the Kinect is used to automatically adjust the 
angle between Kinect and objects. A Kinect can simultaneously track two objects without any 
mark. It can also provide three-dimensional location information of two objects up to 20 
joints. Compared with other tracking methods such as optical tracking which need additional 
marking on the object, a Kinect can greatly facilitate tracking objects. As to the sample rate a 
Kinect provides 30 frames of images per second, in which tracked skeleton, as shown in 
Figure 6-2, can provides detailed position information of the subject’s joints. All position 
information of the subject’s 20 joints is described in a three-dimensional space, where the 
Kinect is the center of the 3-D coordinate system, as shown in the Figure 6-3.  
 
Figure 6-1 The configuration of Microsoft Kinect sensor [91]. 
 
Figure 6-2 The 20 joints of the skeleton position acquired by a Kinect [92]. 
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Figure 6-3 The 3-D coordinated system of the Kinect centered space. 
6.1.2 Angle of shoulder joint 
 The exoskeleton assistive robot in this study has two independent degrees of freedom 
used for elbow and shoulder joints. In order to adopt movements of non-disabled people as 
template trajectories for training or rehabilitation purposes, the angular positions of both 
shoulder and elbow joints need to be acquired in real time. The acquired positions (in 3-D 
coordinates) of the shoulder, elbow, and wrist are used to calculate the angular positions of 
individual joints. 
 In this study, the shoulder and elbow joints are assumed to be aligned in the same plane 
when they rotate simultaneously based on the limit of two degrees of freedom design. 
Therefore, the equation of line connecting shoulder and elbow joints can be derived without 
Z-axis coordinates. That is  
    1 1c c cy k x   , (6-1) 
where  
    
2 1
1 1 2 1
2 1
tan ( )
c c
c c c
c c
y y
k x x
x x


  

. (6-2) 
 The coordinates (xc1, yc1) and (xc2, yc2) are the positions of shoulder and elbow joints, 
respectively. The value of ς1 can be ignored because ς1 does not affect the calculation of the 
angle 1  between the shoulder joint and vertical plane. Thus, the angular position can be 
obtained by  
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2 1
1 2 1
2 1
1 1 2
arctan( ),
0
c c
c c
c c
c c
y y
x x
x x
x x



 

 ，
 (6-3) 
6.1.3 Angle of elbow joint 
 Comparing to the calculating process of shoulder angle, calculation of the elbow angle 
needs two equations of line, the line connecting the shoulder and elbow as well as the line 
connecting the elbow and wrist, as shown in the Figure 6-4. The equation of line connecting 
the elbow and wrist can be derived by adopting the same method for the shoulder.  
    2 2c c cy k x    (6-4) 
where  
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where (xc3, yc3) is the coordinates of wrist joints. The value of ς2 can be ignored because ς2 
does not affect the calculation of the angle 3  between the wrist joint and horizontal plane. 
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 According to the geometric relationship in the Figure 6-4, the rotation angle 2  of the 
elbow is 
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6.2 Accuracy of the Kinect 
In addition to the non-contact measurement using Kinect, an incremental optical 
encoder (Avago HEDS-5500-A06) with 500 lines was attached to the shaft of the elbow joint 
of the prototype robotic mechanism as shown in the Figure 6-5. With a single channel 
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measurement, the resolution of the encoder is 0.72 Degree. The resolution can quadrupled if 
signals measured from both channels are used.  
Wrist
Shoulder
Elbow
Wrist
Shoulder
 
Figure 6-4 Schematic of Shoulder and elbow angle. 
 
Figure 6-5 Prototype mechanism of the robotic system with encoder used for motion 
measurement. 
In this section, only the measurements of angular position at elbow were used for 
comparison due to the limitation of the current mechanical design. With the software of 
Kinect library, the 3D coordinates of the shoulder joint, elbow joint, and wrist joint can be 
obtained directly. A program that can derive the angle of the shoulder joint and the angle 
between upper arm and forearm from raw sensing data was developed. 
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Figure 6-6 illustrates three cycles of the same movements acquired by these two 
acquiring methods. The specific motion adopted is that a subject performs a motor task of 
raising his/her hand to mouth and returning to the initial position three times. In Figure 6-6, 
the red curve is the data recorded by the optical encoder and the blue dot line is measured by 
the adopted Microsoft Kinect. It is assumed that an optical encoder can have a more accurate 
measurement since it directly measure the angular position of the subject’s elbow joint. With 
the experimental results of five subjects, the measured data of Kinect demonstrates great 
consistency with the measurement of the attached optical encoder, which means that acquired 
locomotion patterns between the optical encoder and Kinect are similar.  
 
Figure 6-6 Trajectories of the right elbow when performing motor task Hand to Mouth. 
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6.3 Desired Moving Trajectories 
Task-specific training for stroke rehabilitation in general is unconstrained with regard 
to accurate position and specific details of task execution. Therefore, the most important 
factors when performing task-specific training are the pace and pattern. Postural control or 
developing movement patterns are the initial steps for the stroke patients before they have the 
ability to accomplish some simple ADL through task-specific training. Today’s therapists 
have been trying to develop optimal movement patterns as the reference trajectories of 
rehabilitation robots, which falls outside the scope of this research. The goal of this research 
is discovering movement patterns as reference trajectory of the prototyped robot from 
participants’ trajectory data of upper extremity. 
To identify trajectories of human movements, Microsoft Kinect was adopted to 
acquire arm motion data in this research due to its convenience and the similarity of 
measured outcomes of these two sensors. In this study, a total of five non-disabled 
participants were recruited from the population of faculty members and students at West 
Virginia University. The age range of the subjects is between 25 to 45 years old. (four males 
and one female). Subjects were requested to perform five basic daily movements or tasks in 
front of the Kinect, which were derived from the Wolf Motion Function Test [93] commonly 
used for evaluation of motor deficit level in stroke patients: (1) forearm to table; (2) forearm 
to box on table; (3) extend elbow on table; (4) hand to mouth; and (5) hand on top of head. 
While performing the experiment, each participant was standing in front of the Kinect sensor 
at a distance of 1.8m. 
 Figure 6-7 shows the recorded angular trajectories of elbow joints captured from these 
five subjects. Each subject needs to perform an identical movement for 3 cycles. It is obvious 
the trajectories of individual subjects have different durations and magnitudes. The required 
duration varies from 12 to 28 seconds for three cycles. The variation of actual trajectories of 
joints among people is caused by physical parameters, such as height and arm span. In 
particular, the duration of a complete cycle of the specified motion cannot be the same for 
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different people while even performing the same task. 
 
Figure 6-7 Comparison of the trajectories of the right elbow between five subjects 
performing separately motor task Hand to Mouth three times. 
6.3.1 Normalization of trajectories 
 When people move their arms to finish specific tasks they do not move randomly. Instead, 
people always follow specific trajectories or identical motion patterns [94]. Thus, it is 
reasonable to extract a common trajectory or motion pattern from trajectories of temporal 
variations. A measure called Dynamic Time Warping (DTW) [95, 96] can be employed to 
normalize the trajectories in terms of time in this study. DTW, which is a dynamic 
programming based technique, is a method to calculate the similarity and alignment between 
two data sequences with different time durations. This method adopts the algorithm of the 
Euclidean match, which aligns two sequences to the same time scale with a one-on-one 
match, as shown in the Figure 6-8. In addition to align elements of two sequences to the same 
scale, this method can also match multiple elements in one sequence to the same element in 
the other sequence. This technique has been widely adopted in the field of voice recognition. 
In particular, DTW can be applied to cope with different speaking speeds that can be 
recognized or classified into a linguistic category of words [97]. 
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Figure 6-8 Euclidean match and Dynamic time warping match. 
 Euclidean distance, as well as other L norms, are usually used to compare the similarity 
of two data sets. For instance, if set Ae (Subject 1) has n components and set Be (Subject 2) 
has m components, the distance between two elements Ae(i) and Be(j) can be defined as 
             
2
,   e e ed i j A i B j   (6-8) 
 and the Euclidean distance can be defined as 
        ,  .E eD d i j  (6-9) 
 However, the results are not reasonable or accurate when the Euclidean distance is 
applied to measure the similarity of two data sets with different time durations. In this study, 
individual recorded trajectories are analyzed to identify start points. In Figure 6-9, the 
original trajectory (blue line) along time scale is shifted for 100 samples (red line) to obtain a 
new trajectory. The major reason of such a shift is to compensate for the inconsistent 
durations of individual subjects. For instance, the durations of the same movement performed 
by different subjects can have different time duration due to various factor (age, gender, 
height, etc) as shown in Figure 6-10.  
 To synchronize the acquired data of two trajectories with different time duration, the two 
sets of data are placed along x- and y- directions of a two-dimensional map. Once the two sets 
of data are aligned correctly, an n × m matrix is constructed to find the best alignment. The 
best alignment is called the warping path Pdtw. In other words, the warping path Pdtw is a 
contiguous set of matrix elements that defines a mapping between Ae and Be. Another 
distance needs to be defined is called the DTW distance, (Ddtw(A,B)), which is a 
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time-normalized distance between Ae and Be. The DTW distance can be derived by using 
dynamic programing with the following procedures: 
1. The initial condition is defined as Ddtw(Ae(1), Be(1)) = de(1,1). 
2. The individual components of the DTW distance can be found by 
2
2
2
( ( ), ( 1))
( ( ), ( )) min ( ( 1), ( 1)) ( , )
( ( 1), ( ))
dtw e e
dtw e e dtw e e e
dtw e e
D A i B j
D A i B j D A i B j d i j
D A i B j
 
 
    
  
, i[2,n], 
j[2,m]. 
3. Ddtw(Ae,Be) = Ddtw(Ae(n), Be(m)). 
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Figure 6-9 Euclidean distance between Original and shifted trajectories. 
 
Figure 6-10 Comparison of the trajectories of the right elbow between two subjects 
performing separately motor task Hand to Mouth three times. 
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Figure 6-11 Euclidean distance matrix and Dynamic time warping distance matrix. 
  For example, if have two time sequence, one is (1, 2, 5, 4, 3, 7), the other one is (2, 3, 
2, 1, 3, 4), need to be aligned, a 6× 6 matrix will be constructed, in which each element is 
equal to de(i,j). Once the matrix is constructed, the above algorithm is applied to find the 
DTW distance of each element in the matrix.  
 According to the DTW distance matrix, as shown in Figure 6-11, we start from the 
element located at the right top corner of the matrix and end at the element located at the left 
bottom corner of the matrix. In this process, we just move one step at a time along one 
direction in which the next element has the minimum DTW distance component in three 
directions. In the Figure 6-12, the Dynamic time warping path can be found by linking all 
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selected elements one by one.  
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Figure 6-12 Dynamic time warping path. 
Typically, the path with the lowest DTW distances implies the best match between 
two trajectories. Figure 6-13 illustrates the results of time-normalized trajectories from two 
subjects that perform the same motion. From this figure, it is clear that different subjects can 
demonstrate good consistencies in terms of time for the same movement of elbow joint 
trajectories after being time-normalized. 
 
Figure 6-13 Time-normalized elbow-joint trajectories. 
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self-comparison test was performed. Root-mean-square-error (RMSE) is used to assess the 
similarity among acquired trajectories. Lower RMSE implies a better similarity between two 
acquired data sets. In this test, each subject was requested to perform the same motion for 8 
times, as shown in Figure 6-14. The recorded data of joint angles was then processed by 
DTW for an identical duration. Then the 8 sets data are compared among each other by 
calculating the RMSE of the deviation of each data. The 8 sets of data were averaged to 
synthesize an estimated trajectory. Table 6-1 and 6-2 lists the comparison of elbow angles 
among real trajectories and the estimated motion of two subjects. The heights of these two 
subjects are 168 cm and 177 cm, individually. With the calculated RMSE values, it is clear 
that individual subjects can generate consistent trajectories for specific motions. However, 
RMSEs are increased while comparing the data with other subjects. Table 6-3 lists the 
RMSEs among various subjects for the same motion. Comparing row 4 with other rows in 
Table 6-3, it is obvious that subject 4 has relatively larger differences of elbow joint 
movement. This is due to the fact that subject 4 is the only female participant in the 
experiments, whose body size is relatively smaller than other the male participants. With this 
experimental result, it can be concluded that people with similar body sizes can possibly have 
more similar movement. In other words, a movement can be highly dependent on the body 
size. Therefore, different reference trajectories of the same motion need to be extracted 
separately for people with different body conditions, such as gender, age, and body size.  
Subject 1 Subject 2  
Figure 6-14 Photo frames and joint positions of motion captured by Microsoft Kinect. 
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Table 6-1 Self-comparison of RMSE of recorded motion (Subject 1).  
 1 2 3 4 5 6 7 8 Avg 
1 0 3.63 3.83 3.78 4.52 2.52 1.62 3.7 3.16 
2 3.63 0 1.18 0.37 1.56 1.34 2.47 0.96 0.61 
3 3.83 1.18 0 0.84 1.37 2.37 3.26 0.47 0.78 
4 3.78 0.37 0.84 0 1.64 1.82 2.89 0.97 0.74 
5 4.52 1.56 1.37 1.64 0 2.44 3.2 0.92 1.37 
6 2.52 1.34 2.37 1.82 2.44 0 1.09 1.69 0.69 
7 1.62 2.47 3.26 2.89 3.2 1.09 0 2.57 1.42 
8 3.7 0.96 0.47 0.97 0.92 1.69 2.57 0 0.54 
Avg 3.16 0.61 0.78 0.74 1.37 0.69 1.42 0.54 0 
 
Table 6-2 Self-comparison of RMSE of recorded motion (Subject 2).  
 1 2 3 4 5 6 7 8 Avg 
1 0 2.04 0.70 0.77 1.87 2.10 2.11 0.66 0.94 
2 2.04 0 1.61 1.25 0.74 1.52 1.48 1.42 0.84 
3 0.70 1.61 0 0.46 1.76 1.53 1.50 0.44 0.26 
4 0.77 1.25 0.46 0 1.19 2.66 2.48 0.27 0.44 
5 1.87 0.74 1.76 1.19 0 1.52 1.66 1.24 1.02 
6 2.10 1.52 1.53 2.66 1.52 0 0.36 1.66 1.03 
7 2.11 1.48 1.50 2.48 1.66 0.36 0 1.68 0.88 
8 0.66 1.42 0.44 0.27 1.24 1.66 1.68 0 0.41 
Avg 0.94 0.84 0.26 0.44 1.02 1.03 0.88 0.41 0 
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Table 6-3 RMSEs among the various subjects’ trajectory after DTW. 
Subject 
Subject 
1 2 3 4 5 
1 0 7.03 8.12 11.00 6.13 
2 7.03 0 7.78 10.76 6.63 
3 8.12 7.78 0 10.04 5.74 
4 11.00 10.76 10.04 0 10.90 
5 6.13 6.63 5.74 10.90 0 
 To further observe the impact of different body conditions, the subjects are divided into 
two groups with different heights. The range of Groups 1 is between 163 to 168 cm, and the 
range of Group 2 is between 177 to 182 cm. The RMSEs among the subjects in the same 
groups, either Group 1 or Group 2, is increased to ~5 degrees. This value can be as high as 11 
degrees while comparing subjects in different groups.  
 The result discussed above suggests that DTW can be a valid tool to extract common 
moving profiles of healthy people for specific ADLs. The trajectories extracted from selected 
ADLs can then be used by the assistive robotic systems. Figure 6-15 demonstrates the 
process of obtaining the averaged trajectory from 5 subjects’ trajectories. Figure 6-16 and 
6-17 illustrate the averaged trajectory, original trajectory before normalization as well as the 
normalization trajectory. These averaged profiles can also be used as standards to evaluate the 
effectiveness of rehabilitation activities. By comparing the standard profiles with the motion 
trajectories, the similarity scores can be assessed. Since only 5 subjects were recruited in this 
study, the size of the database is considered small. Larger groups of subjects of different body 
conditions need to be recruited for the extraction of motion trajectories. 
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Select two trajectories 
from the 5 trajectories
Execute DTW to time 
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Any other trajectory 
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END
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Figure 6-15 Flow chart of the procedure of extracting averaged trajectory. 
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Figure 6-16 Averaged trajectory of elbow joint. 
 
119 
 
Normalization 
Average
0 1 2 3 4 5 6 7 8 9
10
20
30
40
50
60
70
80
Time (sec)
S
h
o
u
ld
er
 d
eg
re
e
0 1 2 3 4 5 6
10
20
30
40
50
60
70
80
Time (sec)
S
h
o
u
ld
er
 d
eg
re
e
0 1 2 3 4 5 6 7 8
10
20
30
40
50
60
70
80
Time (sec)
S
h
o
u
ld
er
 d
eg
re
e
 
Figure 6-17 Averaged trajectory of shoulder joint. 
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CHAPTER 7: Implementation of the robot  
7.1 Prototype of exoskeleton assistive device overview 
 The goal of the design exoskeleton assistive device is to verify feasibility of the project. 
To achieve this goal, all the designs of individual parts remain simple. A microprocessor, a 
FPGA, DC motors, encoders, and potentiometer are used to meet the requirements to drive a 
2-joint exoskeleton robotic arm via four twisted-string actuators. 
7.1.1 Structure of the prototype   
 The prototype of a 2-joint exoskeleton robotic device has been setup on a 16 in × 32 in 
wood stand. The mechanism of this 2-DOF robotic arm is installed at the left-top corner of 
the stand. Two Shimano Bowden cables [98], as shown in Figure 7-1, are used for flexion 
and extension at each joint of the robotic arm. These four Bowden cables are responsible for 
driving shoulder and elbow joints to rotate by transferring force generated by the 
twisted-string actuators. To avoid self-rotation of string and ensure linear motion of the 
twisted-string actuators, four independent sliders are installed on the top of the stand to guide 
the movements of the strings. The configuration of string holders is shown in Figure 3-4, 
which are mounted on the sliders and the shaft of DC motors. To measure the linear 
movements of the twisted-string actuators, four analog slide potentiometers, as shown in 
Figure 7-2, are fixed on the back of individual sliders and locked on the corresponding 
holders. Four DC motors are also set up at the bottom of the stand to drive individual 
actuators. The lengths of twisted-strings can also be adjusted by changing the distances 
between DC motors and sliders with the vertical slots below the sliders. The experimental 
setup of the exoskeleton assistive robot is shown in Figure 7-3. 
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Figure 7-1 Bowden cable on the joints. 
Potentiometer
 
Figure 7-2 Slide potentiometer. 
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Figure 7-3 Prototype of the exoskeleton robotic arm. 
7.2 Sensor measurement fusion 
 In the experimental setup demonstrated in Chapter 3, 4 and 5, an optical linear encoder 
(WXY-XY20) is used to measure the length variation of the twisted-string actuator. However, 
the linear encoder is not only expensive but also bulky, which can be a major drawback for an 
affordable wearable device. In order to reduce the cost and simplify the structure of the 
robotic mechanism, a slide potentiometer and a rotary encoder mounted on the shaft of 
driving DC motor are adopted to replace the optical linear encoder. In this section, we will 
illustrate the method of combing the measurement of two sensors.    
7.2.1 Kalman filter  
 Unlike the linear optical encoder, the slide potentiometer is an analog sensor. Therefore, 
the existence of noise in the measurement is inevitable. In some monitoring system, such as 
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room temperature monitoring system, the noise caused by sensors may not affect the 
performance of the system. However, if the noise is introduced to the control system as a 
feedback signal, not only the precision but also the stability of the controlled system cannot 
be guaranteed. Therefore, it is necessary to filter the noise from the measured data before it is 
fed into the control loop.  
 With the advantages of simplicity and better performance, Kalman filter has been widely 
used in various control systems since its introduction in the early 1960s. The filter was first 
proposed by Rudolf E. Kálmán [99], one of the primary developers of the popular theory. 
Kalman filter, also known as linear quadratic estimation, is an optimal recursive data 
processing algorithm that takes all obtained information into consideration, such as 
measurements over time and statistical noises [100]. In this study, four Kalman filters are in 
charge of processing all information to estimate the current output values of slide 
potentiometers.  
 In order to ensure that the Kalman filter can successfully be implemented to each slide 
potentiometer, a linear model is necessary as well. If the variable of slider position is denoted 
as s and Δt represents the sampling period, then position equation can be estimated using 
Euler’s method. That is 
    ( ) ( ) ( )s t s t t s t t t      (7-1) 
 If the continuous function is represented as a discrete system, an index k is used to 
replace the time stamp t. Thus, Eq. (7-1) can be rewritten as: 
     ( ) ( 1) ( 1)s k s k s k     (7-2) 
 If the state variable can be defined as: 
( )
( )
( )
k
s k
x k
s k
 
  
 
 (7-3) 
then the linear process model can be defined as: 
    ( )= ( 1)k k kx k x k A  (7-4) 
where 
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1 1
=
0 1
k
 
 
 
A .  (7-5) 
This linear process model assumes that the derivative does not change over time. Although 
this is not true in the practical environment, the motion of the slider can still be approximated 
by this proposed linear model. The Kalman filter estimates the state in a process that can be 
described as the linear stochastic difference equation: 
    1 1( )= ( 1)+k k k k k kx k x k u w    A B .  (7-6) 
with one single measurement zk(k) that is 
    ( ) ( ) ( )k k kz k x k v k  H  (7-7) 
where Hk=[1 0] , v(k) and w(k) are the measurement noise and process noise respectively. 
The schematics of the discrete Kalman filter algorithm, which is used to estimate the state 
variables, is illustrated in the following figure.  
Time Update
(prediction)
Measurement Update
(correction)
1 Predict the state ahead
2 Predict the error covariance 
ahead
1 Compute the Kalman Gain
2 Update the estimate 
3 Update the error covariance
The outputs at k will be the input 
for k+1
Initial estimates at k=0
  
Figure 7-4 Schematic of Kalman filter procedure. 
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 In this study, the movement of the slider is part of the process noise since there is no 
control effort included in the linear stochastic difference equation above. Thus, the Bk and uk 
are always zero in Figure 7-4. Qk describes the process covariance of linear model as well as 
P describes the estimate error covariance. Qk and Pk are the 2 × 2 dimension matrices. Since 
the value of estimate error covariance Pk is updated recursively by deriving the equations in 
Kalman filter, its initial value defined in the first step will not affect the performance of the 
Kalman filter. We assume that the measurement noise of slide potentiometer and the speed of 
slider movement are independent. Thus, the non-diagonal matrix items in Qk and Pk matrices 
are equal to zero, the diagonal matrix items are the variances of process noises and estimate 
errors. In the implementation of the Kalman filter, Rk is measurement noises variances that 
can be measured by processing some off-line sample measurements in which the output of 
the slide potentiometer is constant. Then the variance of the slide potentiometer can be 
determined by computing the mean value. The matrix Qk and Rk determine which set of data 
can be more reliable between the linear model and measured outcome of slider potentiometer. 
 Figure 7-5 illustrates the comparison between the measurements of slide potentiometer 
and results of Kalman filter when the slider moving up and down. From this figure, it can be 
observed that the slide potentiometer cannot provide a reliable displacements data which can 
possibly deteriorate the control performance of the system. Therefore, it is necessary to 
implement a Kalman filter on the slide potentiometer to remove the noise from the 
measurements of the sensor. In the experiments, the process covariance of the linear model is 
    
0.0000001 0
=
0 0.0000001
k
 
 
 
Q . (7-8) 
and Rk is 32. In order to ensure the convergence before feeding Kalman filter data to the 
controller, the slider keeps still in the first second when the experiments start. A linear 
encoder (assumed to have more accurate measurement) is applied to verify the accuracy of 
the slide potentiometer. Figure 7-6 compares the measured outcome of a linear encoder with 
calculated result of the Kalman filter when the slider moves up and down. In this test, the 
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slider also keeps still in the first 1 second when the experiments starts. From the experimental 
results, there is no significant difference between the measurement of linear encoder and 
result of the Kalman filter, especially from 1 sec to 6 sec. The largest difference happens at 
the first second, which the error covariance of the Kalman filter starts to get convergence. 
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Figure 7-5 Comparison between measurement of slide potentiometer and results of 
Kalman filter. 
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Figure 7-6 Comparison between measurement of linear encoder and results of Kalman 
filter. 
7.2.2 Sensor fusion   
 From the previous section, we know that it is possible to improve the accuracy of the 
slide potentiometer simply by adding a Kalman filter. Each DC motor adopted in this study 
already has an encoder mounted on the shaft, which is an independent sensor. In order to 
enhance the accuracy of the displacement measurement, sensor fusion theory is applied in 
this study. The basic idea of the sensor fusion is to combine measurements from independent 
sensor sources into a single measurement in which way the noise can be efficiently reduced 
[102]. There are two major methods for senor fusion, one is based on the Central Limit 
Theorem, the other one is to use optimal Kalman filter [103]. Before combining the 
measurements of slide potentiometer as well as the encoder mounted on the shaft of the DC 
motor, it is necessary to convert the angular movement of the DC motor into the linear 
displacement of the slider. The ANFIS model of the twisted-string actuator, which has been 
derived in Chapter 3, describes the relationship between motor revolutions and linear 
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displacement of the slider as shown in Figure 3-14. In spite of high accuracy and zero noise, 
the measurement of the encoder mounted on the shaft of the DC motor still possibly exists 
error to some extent due to its indirect measurement. To obtain a fused measurement from 
different sensors, all the methods mentioned above need to take the noise of senor 
measurements into consideration. Compared to the noise of the encoder, processed errors 
caused by the ANFIS model of twisted-string actuators are the major reason of measurement 
errors. The fusion of the measurement data in this study can be developed similarly by 
applying the Central Limit Theorem to calculate the weighted arithmetic mean of the 
measurements of slide potentiometer and the output of the ANFIS model. The weighted 
arithmetic mean is:    
     
1 1 2 2
1 2
ˆ k k
k
Z Z
Z
 
 
  


 (7-9) 
where Zk1 is the measurement of the slide potentiometer, 1  is the noise variance of the slide 
potentiometer, Zk2 is the output of the ANFIS model of the twisted-string actuator, 2  is the 
process error variance of ANFIS model and ˆkZ is the fusion of the measurements. 
 Rewrite Eq. (7-9) as: 
    1 2
ˆ (1 )k k kZ Z Z       (7-10) 
where 
    
2
1 2


 


 (7-11) 
 The objective of sensor fusion is to minimize the estimate error variance of fusion of 
measurements. This estimate error variance can be defined as: 
    
2ˆ ˆ[( [ ]) ]f k kE Z E Z P . (7-12) 
 Substitute Eq. (7-10) into Eq. (7-12) 
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where xactual is the actual displacement of the slider. Since the measurement of slide 
potentiometer and the process noise of ANFIS model are assumed to be uncorrelated, the last 
term in Eq. (7-13) is equal to zero. 
 Rewrite Eq. (7-13) as: 
    
2 2
1 2(1 )f        P  (7-14) 
 The estimate error variance Pf can be minimized by: 
    ( ) 0f
d
d


P  (7-15) 
 Substituting Eq. (7-14) into Eq. (7-15) gives 
    1 2(1 ) 0         (7-16) 
 Solving Eq. (7-16) gives 
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Figure 7-7 Results of Sensor fusion. 
 In order to check the performance of sensor fusion, the two cycles of sine signal are 
selected as the input source of the twisted-string actuator, while the ANFIS model, slide 
potentiometer and linear encoder, whose measurement is considered as the reference, 
measure the displacement of the slider at the same time. In the experiments 1  and 2  are 
0.4 and 0.6, separately. Figure 7-7 illustrates the measurements of different sensors. Table 7-1 
illustrates the root mean square error of different sensors with respect to the reference. From 
the results of both figure and table, it is obvious the sensor fusion has the best performance 
and less uncertainty than ANFIS model and slide potentiometer when they are used 
individually. Therefore, it is feasible to combine the output of ANFIS model and slide 
potentiometer sensor, instead of using linear encoder, to obtain the high accuracy 
measurement in this study.  
Table 7-1 Comparison of different sensor measurements. 
Sensor Root Mean square error (mm) 
ANFIS 0.36 
Slide 
potentiometer 
0.20 
Sensor 
fusion 
0.13  
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7.3 Implementation of the embedded controller   
 This section describes the embedded system that is used to control the exoskeleton robot 
device performing specific rehabilitation tasks. The system is composed of four basic 
modules: the microprocessor module, the I/O (FPGA) module, the sensor module and the 
actuator.  
 Development for a controller is made of two phases: designing and implementation. In 
previous chapters, the adaptive robust controller for the twisted-string actuator has been 
successfully designed and tested through Matlab Simulink and xPC Target toolboxes. 
However, in practical application, the xPC target machine is cumbersome to carry out and not 
suitable for the stroke patients wearing the exoskeleton robot. Therefore, it is necessary to 
implement the controller using the embedded processor. Some prerequisites, such as the 
establishment of the cross-platform debugging environment, the design of PCB board as well 
as the peripherals and modular design, need to be accomplished before using the specific type 
of microprocessor to implement the controller. Fulfilling these prerequisites is always 
time-consuming and needs advanced electronic background. Therefore, to allow for fast 
prototyping and easy way to create devices and a programming environment to use sensors 
and actuators, the Arduino Platform, which is an open-source computer hardware, was 
introduced by Arduino Company in 2005 [104]. It is able to control the speed of DC motor 
and be able to display the speed of DC motor in LCD it in a matter of minutes, instead of 
hours. Meanwhile, the Arduino platform also provide various of free code libraries that 
save time on writing tons of low-level code.  
 In this study, we use an Intel Galileo 2, which is an Arduino-certified development 
boards based on Intel x86 architecture, to implement the embedded adaptive robust controller 
for the exoskeleton robot. The Intel Galileo 2 provides the highest operating speeds up to 400 
MHz compared with other Arduino platform while keeping the compatibility with the 
Arduino shield ecosystem. The following section describes the architecture and key 
specifications of Intel Galileo 2.   
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7.3.1 Intel Galileo 2  
 Intel's Galileo Gen 2 Board has various features including an Intel Quark™ SoC X1000 
which is a 32-bit Intel Pentium® processor, 16 Kbytes L1 cache, 512 Kbytes of on-die 
embedded SRAM,  256 Mbytes DRAM, 11 Kbytes EEPROM, a full-sized mini-PCI 
Express slot, 100 Mb Ethernet port, 2-channel UART, and 12-bit pulse-width-modulation 
(PWM) [105]. 
 
Figure 7-8 System block diagram of the Intel Galileo 2 development board [105]. 
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Table 7-2 Main features of the Intel Galileo 2 development [105]. 
Features Descriptions 
 
 
Physical Characteristics 
 10 cm long and 7 cm wide with the USB connectors, UART 
jack, Ethernet connector, and power jack extending beyond 
the former dimension 
 Four screw holes allow the board to be attached to a surface 
or case 
 Reset button to reset the sketch and any attached shields 
 
 
 
 
Processor Features 
 
 Instruction set architecture (ISA)-compatible 32-bit Intel® 
Pentium® processor 
 16 Kbytes L1 cache 
 512 Kbytes of on-die embedded SRAM 
 Simple to program: single thread, single core, constant 
speed 
 ACPI-compatible CPU sleep states supported 
 Integrated real-time clock (RTC) with optional 3V “coin 
cell” battery for operation between turn on cycles 
 400 MHz clock speed 
 
 
Storage Options 
 
 8 Mbyte Legacy SPI Flash 
 512 Kbytes embedded SRAM 
 256 Mbytes DRAM 
 USB storage works with any USB 2.0 compatible drive 
 11 Kbytes EEPROM programmed via the EEPROM library 
7.3.2 XILINX SPARTAN FPGA 
 In order to keep the compatibility with the Arduino shield ecosystem, the Intel Galileo 2 
does provide the same numbers of I/O with the Arduino UNO platform. In this study 4 DC 
motors, 4 encoders, 4 slide potentiometers as well as 4 current sensors are required to drive or 
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acquire data. Since each DC motor is driven by H-bridge, it needs 3 digital output to control 
the speed and direction. Each encoder also needs 2 digital input to acquire the revolutions of 
DC motor, while each current sensor needs 1 analog input to obtain the displacements of the 
slide. Therefore, 20 digital I/O and 4 analog inputs are required to build the whole control 
system. However, it is impossible to only use 1 Intel Galileo 2 development board to 
implement the control system based on the I/O resource provided by the Intel Galileo 2. 
Indeed, another two Intel Galileo 2 can be employed to provide extra I/O resource to satisfy 
the requirements of the control system. The synchronization among the different processors 
in the control process will be the new issue affecting the stability of the system. Adopting a 
FPGA is a good option to avoid synchronization issue and provide enough I/O resource at the 
same time. 
 FPGA is an integrated circuit that can be configured by a designer after manufacturing. 
FPGAs provide an array of programmable logic blocks as well as reconfigurable 
interconnects allowing the blocks to be wired together which saves time in designing a circuit 
on a desktop computer and testing the circuit in minutes. In the designing process of the 
circuit, a schematic or a text file can be used to describe the function of the circuit or the 
desired logic function. In this study, XILINX Spartan XC3S200A is selected to expand the 
I/O resources.  
 The Spartan XC3S200A is designed for low-cost, high-performance applications and 
offers 4320 logic cells, 76 I/O pins, 622+ Mb/s data transfer rate per I/O, 18 single-ended 
signal standards and 8 differential I/O standards [106]. 
7.3.3 System hardware architecture 
 The system hardware architecture block diagram is given in Figure 7-9. There is no 
doubt that performance of the embedded control systems depends not only on the correctness 
of the computation but also on the maximum sampling frequency that can be provided. 
Therefore, to reduce the calculation burden of microprocessor module and enhance the 
efficiency of the control algorithm, the Spartan XC3S200A is responsible for acquiring the 
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measurements from different sensors, such as the encoder, slide potentiometer as well as the 
current sensor, instead of the Intel Galileo 2.  
Microprocessor module
(Intel Galileo 2)
Sensor module
Encoder
Slide potentiometer
Current sensor
I/O module
(Spartan XC3S200A)
H-Bridge
SPI
PWM
Actuators
(DC motor)
 
 Figure 7-9 Embedded control system block diagram. 
 Due to the existence of more than one chips in the embedded system, it is necessary to 
adopt a communication method to connect the Intel Galileo 2 with Spartan XCS200A. Both 
SPI (Serial Peripheral Interface) and I2C (Inter-Integrated Circuit) protocols are considered as 
good communication method among different devices. 
 Originally, the I2C bus was developed to connect a CPU to peripherals chips in a TV set 
using 2 wires. The maximum bus speed of I2C can arrive 3.4 Mbps that is even faster than 
peripherals chips [107]. Physically, I2C bus consists of SDA (serial data) and SCL (serial 
clock) lines.  The devices that initiate a data transfer on the bus is regarded as the Master, the 
other devices on the bus are considered as Slave based on the I2C protocol specification. All 
136 
 
devices’ SDA lines are connected together, meanwhile, all devices’ SCL line are connected 
together. Each device on the I2C bus has a unique address to avoid collisions in the process of 
communication and ensure the correct transfer of data among master and slaves. Comparing 
to I2C, SPI protocol is quite straightforward but need more signal wires to fulfill the 
communication among master and slaves. The SPI protocol requires two lines for data 
transfer. One is from the master to slaves, the other one is from slaves to master. Unlike the 
I2C protocol in which the Master uses the unique address to identify different slaves, the 
Master in SPI protocol uses the select signal for each slave. Although the extra I/O resources 
are required for SPI protocol, the implementation of code becomes easier by reason of the 
existence of the select line.    
 From the bus topology and resources point of view, the I2C is clearly better than SPI 
when there are more than two chips in the system. There are only two chips in our system, so 
the amount of required pins is not the major consideration. From the control theory point of 
view, the high-speed data transfer between the sensors and microprocessor plays the key roles 
in implementing the control system. Consequently, SPI is a better choice because it is 
full-duplex, however, the I2C is not. Theoretically, there is no speed limit on SPI. The speed 
of SPI often goes over 10 Mbps, meanwhile, the 3.4 Mbps is the maximum speed of I2C. 
Both SPI and I2C offer good support for communication with different devices, but SPI is 
better suited to our application in which devices need high-speed data transmission. In this 
study, the Intel Galileo 2 is used as an SPI master, while the Spartan XCS200A is used as an 
SPI slave.  
  The decoder for encoder mounted on DC motor as well as two ADCs for both slide 
potentiometer and current sensor are implemented by FPGA using VHDL programming 
language. The Spartan XCS200A also generate the PWM signal to the L298 H-bridge used to 
drive the DC motors. 
7.3.4 Software structure 
 The software flow diagram is shown in Figure. 7-10. Main responsibilities of the 
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software are controlling the twisted string actuators when the exoskeleton robotic arm is 
moving, acquiring and processing sensor data as well as doing initialized work. After the 
system passes all physical safety checks and is given the start signal, the initialization will 
start including setting up the SPI between the Intel Galileo 2 and Spartan XCS200A, 
pre-twisting the string to the operational range and turning on interrupts. Once the 
initialization is finished and the target training trajectory is selected, the MCU will generate 
the control signal to raise and drop the robotic arm following the target trajectory while 
keeping track of the rotations of elbow and shoulder joints. To guarantee the safety of a 
rehabilitation robot while operating, we need to implement safety halt function that deals with 
different hazardous conditions such as pressing the stop button and trigging the hard 
mechanical stop switch. This function is achieved through a state machine, as shown in 
Figure 7-11, that determines the moment of halting the robotic arm. There are five states: 
safety halt, stop button pressed, mechanical stop switch toggled, one for current limit toggles 
and normal operation. Either one of the mechanical stop switches is toggled, the safety button 
is pressed or the current limit is exceeded at any time during operation, the operation will halt 
and the system will enter into the safety halt state in which the power supply of the system 
will be cut until the twisted strings are untwisted to the original status, at which point the 
system will wait for the initialization to be finished to activate again.  
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Initalize
Pre-twisting
Set up SPI
Turn on interrupts
Safety halt
Select trajectory
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Drop arm
End
Idle MCU
Pause all motor 
operation
 
 Figure 7-10 Software structure. 
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Mechanical 
stop switch 
toggled
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Button 
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Untwisted string 
not finished
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finished
 
 Figure 7-11 Diagram of state machine. 
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7.4 Tracking motion trajectories of human upper limb  
 In Chapter 4 and 5, sinusoidal and trapezoidal trajectories are used as reference 
trajectories to verify tracking and synchronization performances of proposed controllers. 
Compared with actual motion trajectories of human movements, sinusoidal and trapezoidal 
trajectories are much more predictable. Therefore, it is not sure whether high tracking and 
synchronization performances can be obtained when the proposed ARC controller is applied 
to compensate for actual human motion trajectories. In particular, the proposed controllers 
were only verified on a single joint mechanism. Since the primary objective of proposed 
exoskeleton robot is to provide stroke patients shoulder and elbow assistance, it is necessary 
to verify that the proposed controller can be applied to both elbow and shoulder joints 
simultaneously. In this case, four twisted-string actuators need to be compensated at the same 
time.     
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 Figure 7-12 Reference trajectories for elbow and shoulder joints. 
 In this section, the moving trajectories of elbow and shoulder joints obtained from 
Chapter 6 are adopted to verify the overall performance of the exoskeleton robot. The 
trajectories are shown in Figure 7-12. The physical setup of the exoskeleton robot does not 
include any rotary encoder at either elbow and shoulder joints due to the limitation of the 
mechanical design. For this reason, the unit of the moving trajectories need to be changed 
from the angular displacements of joints to the linear displacements of the twisted-string 
actuators. The rotational range of elbow joint (from 0 degree to 73 degrees) is mapped to the 
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stroke of the dual twisted-string actuator, which ranges from 0 mm to 45 mm. The rotation 
range of shoulder joint (from 0 degree to 42 degrees) is mapped to the stroke of the other dual 
twisted-string actuators, which ranges from 0 mm to 26 mm.         
 To ensure the consistency of the exoskeleton robot, the robot must be tested using a 
repetitive motion. For the repetitive test, the elbow and shoulder joints are fed by two 
individual trajectories, as shown in Figure 7-12, at the same time. This ensures the 
exoskeleton robot can imitate simple movements of human upper limbs. Figure 7-13 
demonstrates the results of the repetitive test. The results were acquired by performing 10 
tests with the same trajectories. By comparing with experimental results shown in the 
previous chapter which only elbow joint is controlled, it is clear that there is no obvious 
discrepancy between tracking and repetitive performances. For the shoulder joints, to a 
certain extent both tracking and repetitive performances are worse than the performance that 
only shoulder is controlled. This discrepancy between experimental results and desired 
trajectory is the disturbance generated by the moving of elbow joint, which means that 
location changing of elbow at different time will lead to constantly changing the elbow inertia 
that can be considered as an external constantly changing load with respect to the shoulder 
joint.                 
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 Figure 7-13 Repetitive tests of the exoskeleton robot.  
 To ensure the stability of the exoskeleton robot, the robot also must be tested using 
external loads. For the test in this study, a 5 N external load was mounted at the endpoint of 
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the forearm, as shown in Figure 7-14. Figure 7-15 demonstrates the results of the stability 
tests. The results were acquired by performing 10 tests with the same trajectories. Based on 
the comparison between Table 7-3 and 7-4 (one without external load, the other one with an 
external load), it is clear that either maximum errors or RMSE of both elbow and shoulder 
joints are almost identical when the external load was mounted at the endpoint of the forearm. 
This ensures that the ARC controller can guarantee the tracking performance and stability 
even when the external load is applied. As to the shoulder joint, both maximum error and 
RMSE are worse than those of the elbow joint. This can be caused by the distance between 
the load and elbow joint is closer than the distance between the load and shoulder joint. Such 
a factor of external load can create a greater impact to the shoulder than to the elbow joint. In 
the experimental platform, identical DC motors are used to drive elbow and shoulder joints. 
However, the maximum torque for driving shoulder joint is at least 3 times greater than 
elbow joint. Therefore, it is clear that adopting the appropriate DC motor to drive the 
shoulder joint can improve the tracking performance of the exoskeleton robot when the 
external load is applied.  
 Figure 7-16 and 7-17 demonstrate the tracking errors with and without external load. 
With the increasing revolutions of driving motors, the friction among the strands increases as 
well based on both experimental results and Wurt’s model. This friction can affect the 
performances of the controllers. Especially, the side effects of the friction become worse 
when joints need to change the direction of rotation. This is because that both type and 
direction of the friction among the strands are changed. The friction type is changed from 
dynamic friction to static friction when joints change the direction of rotation. Therefore, the 
controller must put more effort on adjusting the parameters immediately to compensate for 
the uncertainty in this situation. Before the parameters of the controller can be adjusted to 
appropriate values, the tracking errors may become greater. In the beginning of the 
experiment and when joints change their rotational directions, the parameters of the controller 
need to be adjusted and to be convergent again. Therefore, the tracking performance in these 
two stages is worse compared to other stages, as shown in Figure 7-16 and 7-17.   
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Table 7-3 Comparison of performance of elbow and shoulder joints. 
 
Maximum tracking error 
(mm/degree) 
Root Mean square error 
(mm/degree) 
Elbow joint 1.63 mm/2.66° 0.30 mm/0.50° 
Shoulder joint  3.56 mm/5.82°  0.80 mm/1.31° 
 
Elbow joint
External 
Load
 
Figure 7-14 External load mounted on the endpoint of elbow joint.  
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 Figure 7-15 Stability tests of the exoskeleton robot.  
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Table 7-4 Comparison of performance of elbow and shoulder joints with 5 N external 
load. 
 
Maximum tracking error 
(mm/degree) 
Root Mean square error 
(mm/degree) 
Elbow joint 1.73 mm/2.82° 0.34 mm/0.56° 
Shoulder joint  3.69 mm/6.03° 0.96 mm/1.47° 
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Figure 7-16 Tracking errors with respect to time without external load.  
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Figure 7-17 Tracking errors with respect to time with external load.  
 In this chapter，the implementation of the robot including sensor measurement fusion, 
implementation of the embedded controller, and the experimental test has been introduced. 
From the experimental results, the designed exoskeleton upper limb system has the ability to 
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provide stroke patients elbow and shoulder assistance in two degrees of freedom. The ARC 
controller also demonstrates the ability to maintain tracking performance and stability while 
an external load being applied. 
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CHAPTER 8: Conclusion  
8.1 Conclusions   
 In this study, the development of a novel exoskeleton robot has been proposed with a 
specific aim to help stroke patients do upper limb rehabilitation. The size and the weight of 
the proposed exoskeleton robot were reduced by adopting twisted-string actuators without 
any intermediate devices, such as a gear box, to actuate. Unlike other existing exoskeleton 
robots, the actuators were placed on the patient’s torso and the force was transmitted through 
twisted strings and Bowden cable mechanisms. The proposed robotic device is both agile and 
powerful. 
 Nonlinearity was a big issue of twisted-string actuation, which can make the controller 
design much more difficult. In this study, two adaptive robust control methods were 
investigated: adaptive robust control with cross-coupling dynamics based on displacement 
feedback and adaptive robust control based on force feedback, both of which can compensate 
for nonlinearities of the twisted-string actuator, such as hysteresis, friction, operational 
dead-zone, and poor repeatability. In addition, three different control schemes were 
synthesized for comparison: a simple PID controller, a PID controller with feedback of 
cross-coupling dynamics, and an LQR controller with feedback of cross-coupling dynamics. 
All algorithms are implemented and compared using a single joint of the robotic system. The 
comparison of experimental results has shown the importance of parameter adaption, robust 
consideration and using feedback of cross-coupling dynamics in designing high performance 
controllers for multi-axial and nonlinear systems. It is observed that in these experiments, the 
proposed adaptive robust controller achieves the best tracking and synchronization 
performance.      
In addition to the control algorithms, a 2-DOF prototype of an assistive robotic system 
with elbow and shoulder joints is fabricated. The prototype device is light weight and is able 
to assist stroke patients to perform combined motion in the range of motion of the elbow and 
shoulder joints. A Microsoft Kinect depth camera was used to acquire 2-D motions of upper 
146 
 
limbs of healthy adults. The acquired trajectories were decomposed into the angular 
displacements for corresponding joints of the exoskeleton robot. To derive a common 
trajectory of a specific motion from various people, Dynamic Time Warping (DTW) was 
adopted to normalize different trajectories and find the model.  
 To apply the derived motion to the fabricated assistive robotic device, Matlab xPC Target 
real-time platform was used to verify the design of the controller at the early stage of this 
study. To reduce the size of the overall system, the supplemental circuits and control units 
were implemented using two embedded devices. These two embedded devices are Intel's 
Galileo Gen 2 Board and an XILINX SPARTAN FPGA board, which were used to 
implement the data acquisition system and controllers.  
8.2 Recommendations 
 Though the proposed controllers have demonstrated excellent performance in tracking 
both angular position and force, additional research needs to be carried out to ensure the 
stability of the controlled results of twisted-string actuators with higher disturbances. In 
particular, the twisted-string actuator needs to provide high torque for driving the shoulder 
joint. While changing the angular position of the shoulder joint, the inertia also will vary in a 
wide range. This can be more critical if the robotic device is actually used by patients. Thus, a 
controller with higher accuracy and stability is required to track the desired trajectory and 
decrease safety issues caused by greater disturbances. Based on the experimental results, this 
actuation is not the best choice for providing high axial force for full assistance, due to the 
load sensitivity and stability. Thus, it is suggested to use the twisted string for light 
applications such as finger exoskeleton or elbow actuation. A high torque actuation such as a 
pneumatic or DC motor actuator will be a good choice for the shoulder joint. Also, an 
appropriate mechanical design should be developed to ensure safety if the twisted-string is 
accidentally broken. A more sophisticated design for the shoulder joint, which includes the 
scapular motion and does not undermine the affordability and simplicity of design should be 
developed for providing comprehensive rehabilitation.   
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    Human–Robot Interaction is an important issue in designing a rehabilitation robot 
system that works with patients in everyday environments. The robot system should adjust 
the treatment plan and assistive force provided by perceiving the health condition and 
improvement of different stroke patients. 
 In addition, the synchronization of the dual twisted-string actuators could be mitigated by 
the feedback of cross-coupling dynamics. In this study, a time-delay is observed due to the 
slow start-up of one of the twisted-string actuators. This phenomenon can cause some 
vibration at joints while a motion is initiated. 
8.3 Future work 
With the proposed methods, the robotic system can demonstrate effective controlled 
outcome for both elbow and shoulder joints. However, some work and technologies still need 
to be developed. They are: 
1) A more sophisticated robotic device needs to be designed to reproduce arm 
motions with enough DOF’s and lightweight; 
2) More experiments for extracting various trajectories from subjects with different 
arm motions will be carried out to derive more arm motion trajectories for the 
purpose of arm rehabilitation; 
3) An evaluation algorithm will be developed to determine the metric of individual 
patient’s rehabilitation performance; and   
4) A distributed control framework that actively combines both ARC controllers for 
both position and force feedback while synchronizing all movements will be 
developed. 
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